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Bioreducible polymers have been extensively used for gene 
delivery systems due to their selective degradability in reducing 
conditions. Although bioreducible polymers have been studied for 
decades, studies about their cellular behavior are scarce.  
In this dissertation, two kinds of bioreducible polymers for gene 
delivery were investigated to examine the effect of polymer 
structure on gene delivery mechanisms such as polyplex formation, 
transfection efficiency, cellular uptake pathways, and so on. One is 
crosslinked bioreducible polymer (polypropylenimine-cystamine 
bisacrylamide, PPI-CBA), the other is fluorinated arginine 
functionalized bioreducible polymers (heptafluorobutyrated arginine 
functionalized poly(cystamine bisacrylamide-diaminohexane), FR-
PCH). 
In the first part, a study on the extraordinary bioreducible 
behavior of PPI-CBA is described. In this study, it was found that 
the extraordinary reductive behavior of crosslinked polymer in 
comparison with linear bioreducible polymer. PPI-CBAs were 
synthesized successfully by using Michael addition reaction; they 
could form positively charged and nano-sized polyplexes with 
pDNA. Interestingly, they still retarded pDNA in reducing conditions, 
 
 ii 
which is unusual for bioreducible polymers. PPI-CBAs showed 
comparable efficiency to PEI25k in serum conditions, which means 
PPI-CBAs possessed good serum-compatibility. However, 
cytotoxicity of PPI-CBAs was significant and increased with 
concentration and crosslinking degree. Decreased intracellular 
glutathione (GSH) and increased reactive oxygen species (ROS) 
levels with an increase of the crosslinking degree suggest that GSH 
consumption due to re-crosslinking of degraded PPI-CBAs in 
cytosol might induce the increase of intracellular cytotoxic ROS. 
Therefore, unlike linear bioreducible polymers, crosslinked 
bioreducible polymer, PPI-CBAs show unique degradation and 
intracellular behaviors based on their crosslinked structures. 
In the second part, the experiments were set to examine the 
effect of arginine conjugation and fluorination to linear bioreducible 
polymers. FR-PCHs were synthesized for gene delivery systems. 
They could form positively charged and nano-sized polyplexes with 
pDNA. Interestingly, some of FR-PCH polyplexes retarded pDNA 
even in reducing conditions, probably due to the hydrophobic 
interaction of fluoroalkyl chains. FR-PCHs showed comparable 
transfection efficiency to PEI25k in serum-free conditions and 
superior efficiency to PEI25k even in serum-containing conditions, 
which means FR-PCHs possessed good serum-compatibility. Good 
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serum tolerance was also confirmed by further experiments such as 
polyplex size measurement in 10% FBS (fetal bovine serum) and 
transfection assay in various concentrations of FBS. The polyplexes 
consist of FR-PCHs maintained their particle size in the presence 
of serum. Even at 50% of FBS, FR-PCH also showed the highest 
transfection efficiency. In terms of cellular uptake, fluorination 
enhanced membrane permeability of FR-PCHs. By using cellular 
uptake inhibitors, it was thought that FR-PCHs seem to use 
multiple pathways, but interestingly nocodazole tremendously 
prevented the uptake in all cell lines used. On the other hand, 
cytotoxicity of the polymers was significant and increased with 
concentration and modification degree probably due to enhanced 
membrane permeability of FR-PCHs. The interaction between 
membrane and fluoroalkyl chain would cause cell death by 
undermining the integrity of the cellular membranes. Nevertheless, 
from the results, it was confirmed that fluorination can confer not 
only serum-compatibility but also improved membrane permeability. 
 
Keyword: bioreducible polymer, gene delivery, crosslinking, 
arginine, fluorination, cellular uptake 
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Chapter 1. Introduction 
 
Medicines are essential for human life. Through history, countless 
researchers have tried to search and develop medicines improving 
the life quality of mankind. Numerous diseases have been 
conquered; however, there are still many diseases hard to treat 
such as cystic fibrosis, Huntington disease, and various cancers, 
and so on. Many of these challenging diseases are usually genetic 
disorders, so it is difficult to cure by applying traditional medical 
treatment. As the origin of disease is gene, dysfunction of gene 
should be fixed for complete cure.  
In 1972, a monumental paper suggesting a new concept of 
therapy using gene to treat such diseases was published [1]. The 
suggested therapy has been named gene therapy. Gene therapy 
means replacement of defective genes with intact genes to restore 
original function of a replaced gene [2,3], or suppression of 
defective gene overexpressing [4,5]. Delivering gene has 
advantages when it compares to delivering proteins or peptides. 
Delivering gene is more stable and affects longer than protein or 
peptide delivery. Although delivering gene has such advantages, 
naked gene is very vulnerable in human body due to various 
 
 ２
enzymes degrading gene and has negative charge making it hard to 
interact with cell membrane due to the repulsive force [2-7]. 
These features limit the delivery of gene by itself. To treat 
diseases with gene therapy, development and application of potent 
gene delivery systems become essential to protect and deliver gene. 
As a consequence, many groups have researched and developed 
various gene delivery systems for decades [8,9]. 
When it comes to gene delivery systems, there are two systems 
with large classification. One is viral vector such as adenovirus and 
lentivirus. The other is non-viral vector like polymers, lipids, and 
so on. Viral vectors usually have high delivery efficiency because 
viral gene delivery systems use their original infection mechanism; 
however, some drawbacks such as chance of immunogenicity, 
carcinogenicity, and limit of cargo size. In terms of immunogenicity, 
it limits repetitive usage of viral vectors when immune systems 
were activated; the immune system would neutralize gene delivery 
carriers. As the alternatives to viral gene carriers, non-viral 
vectors have been developed. They are considered safer than viral 
vectors and can be modified to confer additional functions on 
demand because of their low immunogenicity and various 
composition. In addition, they do not have limit of cargo size unlike 
viral vectors. However, cytotoxicity and low efficiency are major 
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drawbacks especially in the case of polymeric gene vectors. To 
achieve successful gene therapy, addressing cytotoxicity and 
efficiency is main challenge in the field of non-viral gene delivery 
system development [10]. 
Nucleotides such as pDNA and siRNA have negative charge 
because they consist of phosphoester bonds [11]. When it comes to 
non-viral vectors, many of them have positive charge to exploit 
negative charge of the cargo. Cationic polymers are mainly studied 
due to their positive charge, ease of production and modification to 
adjust the properties [12]. In the case of polyethylenimine with 
molecular weight of 25,000 Da (PEI25k) which is considered as 
golden standard of non-viral gene vector, it is also cationic polymer 
[7,13]. Many studies developing polymeric gene delivery systems 
have used PEI25k as a positive control [14-19]. Positive charge on 
PEI makes it easy to encapsulate gene by interacting negatively 
charged nucleotides electrostatically; however, PEI also has 
drawbacks as other cationic polymers do. High molecular weight 
and positive charge also make it toxic limiting their usage although 
it is golden standard [21,21]. Usually, high molecular weight and 
positive charge density make more severe cytotoxicity; it is limiting 
their application to gene delivery [22,23].  
Therefore, many works studied about the polymeric gene delivery 
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carriers with biodegradability to overcome the dilemma [24,25]. In 
the meanwhile, the biodegradable polymer also can be synthesized 
by crosslinking non-toxic low molecular weight compounds with 
biodegradable linkages. These biodegradable polymers are 
expected to exhibit high transfection efficiency and low cytotoxicity 
because of their enhanced gene condensation during systemic 
circulation and degradation of high molecular weight polymer to low 
molecular weight molecules [26-28]. 
Especially, bioreducible crosslinkers have been utilized to 
synthesize bioreducible polymeric gene carriers; bioreducible 
polymer is a kind of biodegradable polymer. Bioreducible polymeric 
gene carriers which possess internal disulfide bonds have many 
advantages for gene delivery systems including selective 
degradability and facilitated release of condensed genes from 
polyplexes in reducing environment [29-31] such as cytoplasm 
containing high concentration of glutathione (0.5-10 mM) [32]. 
They also have been known for possessing low cytotoxicity [33-
36]. That’s because the reducing condition-triggered degradation 
of polymer in cytoplasm prevents intracellular accumulation of 
polymers and excessive interaction of cationic molecules with cell 
membrane or cellular organelles. As a result, introducing 
bioreducible part in polymer have been considered as a strategy 
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that achieves high delivery efficiency and low cytotoxicity relative 
to their counterparts which is non-bioreducible. 
In the meanwhile, there are other strategies dealing with the 
drawbacks such as PEGylation [37,38], targeting moieties [39-41]. 
In other words, additional modifications conferring new functions 
when it compares with original polymer have been applied to 
modulate the property and behavior of polymers. These 
modifications can also be combined with bioreducible polymers 
[42-44]. 
Most of the studies on bioreducible gene vectors mainly have 
been dealt with transfection efficiency and cytotoxicity. There are 
relatively few studies dealing with behavior of gene vectors, so 
structure-activity relationships of bioreducible gene carriers as 
well as basic parameters on efficient and cytotoxicity were 
investigated in this dissertation. 
In the first part of this study, crosslinked polymers composed of 
PPI (polypropylenimine) and CBA (cystamine bisacrylamide) were 
investigated. Generation 1 PPI (PPI G1) was not used for gene 
delivery due to their low transfection efficiency [45]. PPIs with 
higher generation were usually used as PAMAM dendrimer G4 and 
G5 were mainly used. However, in this study, PPI G1 was used to 
take advantage of its low cytotoxicity derived from its low 
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generation [46]. Crosslinked PPI G1 dendrimers with bioreducible 
linkages (PPI-CBA) have not been reported for gene delivery 
systems so far. Therefore, high molecular weight polymers (PPI-
CBAs) were synthesized by crosslinking low molecular weight PPI 
dendrimers with bioreducible linker, CBA, to utilize the advantages 
of PPI dendrimers, accomplishing high transfection efficiency and 
maintaining low cytotoxicity in this work. The physicochemical 
properties of the polymers were characterized and their potency for 
gene delivery systems were evaluated. In addition, interesting 
results about the structure-derived degradation behaviors and 
cytotoxicity profile of PPI-CBAs were observed, and they were 
further studied. 
In the second part of this study, linear bioreducible polymers 
were synthesized by using Michael addition reaction. An amino acid, 
arginine, and fluoroalkyl chain (fluorination) were used to improve 
the efficiency of gene delivery system. As the combination of 
bioreducible polymer with arginine modification and fluorination was 
not investigated so far, the effect of combination was investigated in 
this study. Both arginine modification and fluorination are related 
with enhancing cellular uptake resulting in improved gene delivery 
efficiency. Although arginine modification is not a new strategy, 
fluorination is emerging strategy; fluorination still should be further 
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investigated to reveal the role in gene delivery procedure more 
specifically. Most of the studies reported only tested the efficiency 
of fluorinated polymer for gene vector. This study tries to contain 
not only general analysis such physicochemical property 
experiment and efficiency test but also analysis dealing with the 










Scheme 1. Schematic explanation of the themes in the dissertation. 
The effect of crosslinked structure was investigated in PPI-CBA. 
The effect of fluorination on arginine functionalized bioreducible 





Chapter 2. Literature Survey 
 
2.1. Gene Delivery Systems using Bioreducibility 
2.1.1. Barriers of Gene Delivery and Reductive Environment of Cell 
As mentioned above, gene delivery systems based on non-viral 
vector usually show lower delivery efficiency than viral vectors. 
Viral vectors have their own transfection mechanism. That’s why 
they have high efficiency. On the other hand, non-viral vectors 
don’t have their own; it makes them have relatively low efficiency. 
In other words, non-viral vectors cannot easily circumvent various 
barriers of gene delivery. With large classification, there are two 
kinds of barriers; extracellular barriers and intracellular barriers.  
From the start of gene delivery to the site of action, all steps act 
as barriers [47]. When the vectors are injected into vein, 
components of blood such as nucleases and proteins will interact 
resulting the failure of delivery. The interaction of blood 
components also facilitates immune systems to remove the vectors. 
During blood circulation, vectors can be excreted through 
glomerular filtration. Even though vectors overcome the 
extracellular barriers, passing through cell membrane is a barrier. 
When they cross cell membrane, they must evacuate from endo-
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lysosomal process before they are degraded. Then, cargo releasing, 
additional intracellular trafficking for gene expression, and 
subsequent every step is act as barriers. 
Regarding these barriers, concentration gradient of reducing 
agent between cytosol and extracellular environment can be 
exploited as a gene delivery strategy. Reactive oxygen species 
such as peroxides, superoxides, hydroxyl radicals, and singlet 
oxygens are inevitable byproducts of metabolism. Although they are 
originated naturally and participate in various metabolism pathway, 
excessive concentration makes cells die by damaging genes and 
organelles. Therefore, to control the concentration at adequate level, 
several kinds of reducing agent exist inside the cell with very high 
level of concentration. Especially, glutathione (GSH), most abundant 
reducing agent, also presents at high concentration (0.5 – 10 mM). 
It also presents outside the cell, but the concentration is very low 
(micro molarity levels) when it compares to intracellular 
concentration [32]. 
 
2.1.2. Bioreducible Polymers for Gene Delivery Systems 
Bioreducible polymers are exploiting the concentration gradient of 
reducing agent mentioned above to achieve higher gene delivery 
efficiency and lower cytotoxicity. Many studies already have 
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reported that higher molecular weight is favorable for successful 
delivery; on the other hand, it has been reported that high molecular 
weight usually causes more cytotoxicity [22,23]. In other words, 
high performance makes subsequent high risks.  
Achieving high efficiency without side effects is first goal in the 
field of gene delivery systems. To circumvent the dilemma, 
biodegradable polymers have been researched for decades [24,25]. 
They usually composed of the linkages such as ketals [48,49], 
imines [50,51], ester bond [52-54], disulfide bond [55-57], and 
so on. They can be degraded spontaneously by the components of 
environment in vivo; however, most of them are degraded non-
specifically because the degradation is usually progressed by 
hydrolysis.  
On the contrary, in the case of disulfide bond, it is degraded by 
reducing agents. This characteristic makes it special in comparison 
with other biodegradable bonds. As mentioned above, extracellular 
environment contains much lower concentration of reducing agent, 
whilst intracellular environment is reducing environment. Due to it, 
polymers with reducible linkages such as disulfide bond can be 
degraded more specifically in the intracellular region. It confers 
bioreducible polymers spatiotemporal release ability of cargo 
making them more attractive than other biodegradable polymers. 
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They usually composed of bioreducible linkers such as 
dithiobis(succinimidylpropionate) (DSP), dimethyl‚3,3′-
dithiobispropionimidate·2HCl (DTBP), and N, N ’ -cystamine 
bisacrylamide (CBA); it fits best for the purpose of introducing 
bioreducibility. To make reducible polymer degrading into small 
pieces, disulfide bonds should be located on the backbone; 
disintegration of the disulfide bond causes instant decrease of 
molecular weight. 
For decades, many researchers have been reported their studies 
about gene delivery systems using bioreducible polymers. Gosselin 
et al. used low molecular weight PEI by crosslinking with DSP or 
DTBP [58]. In this study, the polymers showed comparable 
transfection efficiency to the efficiency of PEI25k although they did 
not show superior performance. By analyzing the samples having 
different crosslinking degree, it was found that the transfection 
efficiency was directly related to the degree of crosslinking; more 
crosslinking made better performance as a vector. As predicted, all 
polymers synthesized in the study showed much lower cytotoxicity 
than PEI25k at all concentration range. 
Sun et al. also studied crosslinked polymer composed of low 
molecular weight PEI (800 Da) [59]. In this case, CBA was used as 
bioreducible crosslinker. The polymer showed high transfection and 
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low cytotoxicity. Especially in terms of transfection efficiency, they 
showed superior efficiency to PEI25k although their weight ratios 
are higher than the weight ratio (1.3) of PEI25k; 5, 10, 15, 20, 25, 
and 30, respectively. 
Liu et al. used DSP as crosslinker for clustering PAMAM 
dendrimers [60]. By crosslinking low generation (generation 2, G2) 
PAMAM (polyamidoamine) with bioreducible crosslinker, they 
synthesized the polymers showing comparable performances to 
PEI25k and showed superior efficiency than generation 5 (G5) 
PAMAM dendrimer. On the other hand, pristine G2 PAMAM just 
made negligible performance when it compares to the efficiency of 
crosslinked G2 PAMAM dendrimers. Of course, cytotoxicity of the 
polymers was investigated. All of them showed marginal 
cytotoxicity, which was almost same cytotoxicity level of G2 
PAMAM. 
Li et al. investigated the effect of bioreducible disulfide bond by 
introducing a compound which did not contain disulfide bond [61]. 
They used three types of crosslinkers to clustering low generation 
of peptide dendrimers. Two of them are synthesized in the study, 
which contained epoxide group for crosslinking. To investigate 
effect of disulfide bond on gene delivery, one of two had tertiary 
amine instead of disulfide bond. Third one was CBA to compare 
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epoxide and acrylate group. Cytotoxicity did not show significant 
difference among them although all of them were superior to 
PEI25k. In contrast, transfection efficiency of the polymers 
significantly different. Polymer consisted of CBA showed apparently 
higher efficiency than other polymers including PEI25k. It was also 
found that similar result was come out when they were treated 
under serum containing condition. In addition, they reported that 
hydroxyl group improved serum stability of vector despite the 
efficiency was not as effective as the polymer containing CBA. 
Nam et al. synthesized bioreducible polymer, 
poly(cystaminebis(acrylamide)-diamonohexane) (poly(CBA-
DAH)), which have linear structure [62]. In turn, they conjugated 
PEI (1,800 Da) to poly(CBA-DAH) (PCDP) through disulfide bond 
formation. As a result of conjugating PEI, PCDP showed higher 
efficiency than PEI25k and Lipofectamine 2000 even at very low 
weight ratio. In the meanwhile, PCDP showed negligible cytotoxicity 
due to their bioreducible property. Disulfide bonds and amide bonds 
contained in PCDP can be degraded in cells, so it was thought that 
the polymers disintegrated into non-toxic small molecules. 
Guo et al. reported that hyperbranched poly(amido amine) (PAA) 
composed of 1-(2-aminoethyl)piperazine and CBA [63]. The 
PAAs were conjugated with RGD peptide which is tumor-specific 
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tissue penetration peptide via amidation reaction to enhance cellular 
uptake efficiency. In the study, the polymers were investigated by 
conducting in vitro and in vivo experiments. From the results, they 
displayed higher gene silencing ability and lower cytotoxicity. In 
addition, they successfully inhibited lung tumor growth by 
efficiently delivering siRNA inhibiting EGFR (epidermal growth 
factor receptor) in vivo experiment. 
Wang et al. made cationic polymer containing disulfide bonds in 
the backbone and imidazole side groups [64]. It is a kind of linear 
bioreducible polymer which is consisted of bioreducible crosslinker 
CBA. In addition to disulfide bonds in the backbone, the polymers 
have adamantine groups and β-cyclodextrins. Adamantine group 
and β-cyclodextrin confer crosslinking ability the polymers via 
host-guest interaction between them. Due to the crosslinking and 
bioreducible linkages, they exhibited excellent polyplex stability and 
superior transfection efficiency to Lipofectamine 2000 which is 
commercially used transfection agent. Moreover, while 
Lipofectamine 2000 showed high cytotoxicity continuously, the 
polymers examined in this study did not display any cytotoxicity 
indicating their good biocompatibility. 
Xu et al. developed a nanoparticle platform delivering siRNA 
comprised of poly(disulfide amide)s, cationic lipid, and lipid-PEG 
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[65]. Poly(disulfide amide) (PDSA) was synthesized by reacting 
L-cystine dimethyl ester and fatty diacid with various chain length. 
The platform has two sections. One is core which is composed of 
siRNAs, PDSAs and cationic lipids. The other is shell formed with 
lipid-PEG. The platform demonstrated long blood circulation and 
high tumor accumulation. Moreover, it showed GSH-responsive 
cargo release and subsequent effective gene silencing with low 
cytotoxicity. It indicated the platform takes advantages of lipid and 
bioreducible polymer well. 
Ullah et al. reported a bioreducible cationic polymer called PEG-
b-poly(disulfide-L-lysine) (PEG-SSL) [66]. It was synthesized 
with PEG with four acrylate arm and poly-L-lysine containing 
disulfide bond via Michael addition reaction. In the study, PEG-SSL 
displayed better biocompatibility and transfection efficiency in 
comparison with PEI25k used as control polymer. In the study, 
confocal scanning laser microscopy revealed that PEG-SSL 
exhibited good cellular uptake and nuclear co-localization rate 
implying gene delivery efficiency.  
Peng et al. reported the study on hyperbranched galactose-based 
glycopolymers crosslinked with disulfide-containing N,N ’ -
bis(methacryloyl)cystamine (BMAC) [67]. Reversible addition-
fragmentation chain transfer (RAFT) polymerization was used in 
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this study to produce the polymers. In the study, it was told that 
disulfide bond was adopted to enhance efficiency of gene delivery 
and improve biocompatibility. As intended, the polymers 
synthesized in the study displayed low cytotoxicity and excellent 
gene silencing efficacy indicating the efficiency of siRNA delivery. 
Rui et al. synthesized bioreducible branched polymers and tested 
as gene delivery carriers for CRISPR/Cas9 genome editing [68]. In 
the study, ester-amine quadpolymers were synthesized through 
three kinds of crosslinkers. The crosslinkers with different 
structure confer capability of modulating branching, reducibility, and 
hydrophobicity. This property made them complex simultaneously 
with DNA and RNA with more efficiency. As a result, the polymers 
showed high gene delivery efficiency at low weight ratio with low 
cytotoxicity. Moreover, due to the efficient co-delivery of DNA and 
RNA successfully induced CRISPR/Cas9-induced gene knockdown. 
On the other hand, clustering low molecular weight moieties with 
crosslinkers is not the only strategy of making bioreducible polymer. 
Kang et al. modified low molecular weight PEI (800 Da) with 2-
iminothiolane [69]. The modification with 2-iminothiolane 
converted the primary amines of PEI into thiol groups. Thiol groups 
can form disulfide bond through oxidation; in this study, DMSO was 
used as oxidant. The synthesized polymer showed comparable 
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transfection efficiency to PEI25k while they displayed low 
cytotoxicity. 
Taranejoo et al. studied about grafting PEI (2,500 Da) on glycol 
chitosan (GCS-ss-PEI) via disulfide bond to use as gene vector 
[70]. GCS-ss-PEI was examined to evaluate the potential as gene 
delivery carrier. They showed much lower cytotoxicity than PEI25k. 
In addition, they showed higher level of GFP expression in the case 
of transfection assay. 
Du et al. developed dendrimersome gene delivery carriers 
consisted of amphiphilic Janus dendrimers bearing disulfide bond 
[71]. Janus dendrimer consists of hydrophilic head with three amino 
groups and hydrophobic tail with two fatty acid; these two parts are 
connected with disulfide bond. As a result, the dendrimers can be 
self-assembled into dendrimersomes, but they can be disintegrated 
in reducing condition such as intracellular region releasing cargo 
due to the cleavage of disulfide bond. In the study, the 
dendrimersomes demonstrated most efficient down-regulation of 
target gene without any cytotoxicity during gene silencing. 
Regardless of the methods constructing polymers, bioreducible 
polymers displayed negligible or relatively low cytotoxicity. Even 
the cytotoxicity was low, the polymers showed high gene delivery 
efficiency; many studies reported that the polymer showing 
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superior efficiency to commercial transfection reagents. The 
studies have shown the distinction of bioreducible polymers for 
gene delivery. 
 
2.2. Gene Delivery Systems using Arginine 
2.2.1. Role of Arginine in Gene Delivery 
Utilization of arginine was originated from discovery of cell 
penetrating peptides (CPPs). CPPs are defined as short peptides 
which consist of 5-30 amino acids facilitating introduction of 
molecules. In other words, they are protein transduction domains 
which traverse biological membranes. The first discovered CPP was 
TAT (transactivating transcriptional activator) derived from HIV-1 
(human immunodeficiency virus 1); it was found by two groups 
independently in 1988 [72,73]. After the first discovery, many 
CPPs are subsequently reported and investigated by numerous 
research groups. Due to extensive research on CPP, it was found 
that many CPPs contained arginine as main component. Based on 
that, artificial CPPs are made and examined cell penetrating 
behaviors suggesting arginine is essential component for cell 
penetration [74]. 
Further researches found that guanidine group on arginine played 
important role in cellular uptake of CPPs. The guanidine group on 
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arginine is known that it interacts with phosphate, sulfate, and 
carboxylate by forming bidentate complexes. When it comes to 
cellular uptake, it is known that the complex forming behaviors 
facilitates cellular uptake due to plenty of phosphates, sulfates, and 
carboxylates displayed on cell surface. In a paper, it was reported 
that congestion of guanidine-containing molecules induced by 
bidentate complex formation triggers macropinocytosis [75]. 
Besides, polyarginine motif is considered as nuclear localization 
sequence (NLS). NLS containing molecules are considered that 
they can be transported to nucleus of cell; it improves gene delivery 
efficiency although it is not fully investigated [76]. 
In the meanwhile, arginine has usually been compared with lysine 
because of their positive charge. Arginine and lysine are both basic 
amino acids with very high value of pKa (about 12.5 and 10.5, 
respectively) [77,78]. The high pKa makes them enable to possess 
positive charge in most physiological condition. Due to the positive 
charge, both amino acids frequently used as a component of gene 
delivery carrier as shown in next section. However, in most cases, 
arginine usually showed superior result to lysine. Many researchers 
have tried to find out what makes them different. 
When it comes to DNA compaction, it was concluded that arginine 
is superior to lysine [79]. Arginine showed stronger attraction and 
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weaker short-range repulsion than lysine. In addition, it was 
reported that arginine can form salt bridges by interacting with 
phosphate group of DNAs [80,81]. The bridges consist of bidentate 
complex or monodentate complex with additional electrostatic 
interaction caused by positive charge of arginine and negative 
charge of DNA. Although lysine can also form salt bridges, the 
number of them was smaller than that of arginine; guanidine group 
in arginine makes the differences [82-88]. In addition, the ionic 
interaction also stronger than lysine due to its higher pKa [89]. 
Furthermore, although it was report about simulation, the 
interaction of arginine and lysine with lipid membrane was 
investigated [90]. The result revealed that arginine attracted more 
phosphates and water molecules in the membrane resulting in the 
stabilization of arginine-phosphate clusters. These phenomena 
make arginine effective in interfacial binding and membrane 
perturbation. Also, it was found that arginine maintained their 
positive charge even in the membrane unlike lysine. 
 
2.2.2. Arginine Conjugated Polymers for Gene Delivery Systems 
Although it was hard to expect that arginine introduced to gene 
vectors plays the same role, studies on arginine containing gene 
delivery vectors were reported. The studies have reported that 
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introduction of arginine to gene carriers improved efficiency of gene 
delivery. 
Nam et al. investigated about the effect of arginine grafting. They 
synthesized PAMAM ester and grafted arginine and lysine 
respectively [91]. Also, they grafted arginine and lysine to PAMAM 
to examine the effect of ester bond; the ester bond can be degraded 
by hydrolysis making molecular weight low. As a result, arginine 
grafted PAMAM ester showed lower cytotoxicity while arginine 
grafted PAMAM showed relatively higher cytotoxicity. In terms of 
transfection efficiency, arginine grafted PAMAM ester was most 
effective among the polymers. Interestingly, arginine grafted 
PAMAM ester had superior transfection efficiency than PEI25k. 
The study showed arginine grafting can improve the efficiency of 
vector. 
Kim et al. studied linear bioreducible polymer grafted with 
arginine [92]. They investigated physicochemical properties of the 
polymer and test it as potential gene vector. Through a series of 
experiments, they found that arginine grafting improved serum 
tolerance and transfection efficiency when it compared to PEI25k 
and the polymer without arginine grafting. 
Ahn et al. synthesized guanidinylated dendritic polymer with 
PEI2k (2,000 Da), poly(amido amine) (PAMAM), and arginine 
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(PPR) [93]. In the study, researchers described that arginine 
decorating periphery of the polymers was introduced to improve the 
efficiency of gene vectors. Through the results from the paper, it 
was found that arginine conjugation increased gene delivery 
efficiency even in comparison with PEI25k. In addition, PPR showed 
lower cytotoxicity than PEI25k. 
Peng et al. examined hyperbranched lysine-arginine copolymers 
for gene delivery carriers [94]. They used the reactivity of amine 
groups and carboxyl groups of L-lysine and L-arginine to 
polymerize them via thermal polymerization. In terms of 
transfection efficiency, it was found that the efficiency of polymer 
with only lysine was poor showing similar transfection efficiency 
with the efficiency of naked DNA delivery. In contrast, lysine-
arginine copolymers displayed much enhanced efficiency although it 
was not superior to the efficiency of PEI25k; they just showed 
comparable efficiency. The study demonstrated that the presence of 
arginine enhances transfection efficiency. 
Wang et al. conducted extensive research by conjugating 20 
naturally occurring amino acids to PAMAM G5 dendrimers [95]. 
Through the modifications, they investigated the structure-activity 
relationship of amino acids in gene delivery. It was noteworthy that 
arginine conjugated dendrimers showed the highest transfection 
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efficiency and cellular uptake of polyplexes. The researchers 
concluded that arginine modifications are beneficial for DNA binding, 
polyplex formation, and efficient cellular uptake. 
Yu et al. reported linear bioreducible polymer; however, in this 
study, arginine participated in polymer backbone formation through 
Michael addition reaction (Arg-CBA) [96]. Agmatine which is like 
arginine was also used (Agm-CBA); Both have guanidine group. 
The synthesized polymers were compared with PEI25k and 
Lipofectamine 2000, a commercial gene delivery reagent. When 
terms of cytotoxicity, Arg-CBA and Agm-CBA showed lower 
cytotoxicity than PEI25k and Lipofectamine 2000. Especially, Arg-
CBA showed superior biocompatibility among them while 
biocompatibility of Agm-CBA did not show significant difference. 
Subsequent experiments revealed that Arg-CBA was more efficient 
for delivering gene displaying faster and higher cellular uptake than 
Agm-CBA, PEI25k, and Lipofectamine 2000. The only difference 
between Arg-CBA and Agm-CBA was carboxyl group, so they 
presumed that carboxyl group had certain role in gene delivery. 
However, they cannot figure out what made difference between 
Arg-CBA and Agm-CBA. 
Li et al. modified poy(ω-aminohexyl methacrylamide)s 
(PAHMAA) with arginine and histidine [97]. By adjusting the ratio 
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of arginine to histidine, they investigated the effect of the 
modification such as proton buffering capacity, pDNA binding 
affinity, and transfection efficiency, and so on. From the results, 
arginine modification improved gene delivery efficiency in 
comparison with the efficiency of solely histidine modified 
polymers; histidine modified polymers showed the efficiency similar 
with the efficiency of naked DNA. Interestingly, certain modification 
ratios of arginine to histidine made the polymer much more efficient. 
By summarizing the results, the researchers concluded that 
PAHMAA-R18-H6 which have 18 arginine and 6 histidine is the 
most promising gene delivery vector because they exhibited low 
cytotoxicity, excellent transfection efficiency, and good serum 
compatibility derived from arginine and histidine modification. 
Dhanya et al. reported interesting gene delivery system [98]. 
They synthesized starch-PEI containing gold nanoparticle. PEI 
acted as reducing agent for gold ions, and starch acted as stabilizer. 
Owing to gold nanoparticle formation, polymers showed alleviated 
cytotoxicity; however, transfection efficiency was compromised. To 
compensate it. the researchers modified the polymer with arginine 
or histidine. The results indicated that arginine-modified, gold 
nanoparticle containing polymers demonstrated the highest cellular 
uptake and transfection efficiency. 
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Zavradashvili et al. tried to screen novel cationic polymers as 
gene delivery agents [99]. They used spermine (endogenous 
tetraamine), N-(2-aminoethyl)-1,3-propanediamine (synthetic 
triamine), and arginine to make a library of cationic polymers, which 
was composed of 12 polymers. Through the screening, it was found 
that arginine-containing polymers had much more efficient than the 
efficiency of the polymers without arginine. The arginine-
containing polymers also showed superior efficiency than 
commercial transfection reagents; DharmaFECT and Lipofectamine, 
respectively. It implied the effect of arginine on gene delivery 
efficiency; arginine conjugation usually improved transfection 
efficiency. 
Lu et al. synthesized PEGylated L-arginine-modified oligo(-
alkylaminosiloxanes) (P(SiDAAr)5PEG3) [100]. The backbone of 
polymer was consisted of oligo(-alkylaminosiloxane). Then, 
arginine, PEI, and PEG were conjugated to the oligo(-
alkylaminosiloxane). The polymers were used as gene delivery 
carriers. In the study, antiluciferase siRNA inhibiting luciferase 
expression and anti-ABCB1 siRNA preventing efflux membrane 
protein from expression. The polymers showed excellent stability 
in the presence of excess polyanions and successfully protected the 
siRNA from the degradation with RNase. Without cytotoxicity, the 
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polymers showed almost complete knockdown of luciferase 
expression. In the case of anti-ABCB1 siRNA delivery, the siRNA 
acted as inhibitor of doxorubicin (DOX) resistance. The delivery of 
siRNA increased cellular uptake of DOX and enhanced cytotoxic 
effect of DOX in the cancer cells. 
In the meanwhile, there are studies introducing guanidine group 
directly. Because the active part of arginine is guanidine group, 
researchers also have tried to make guanidinylated polymers 
instead of introducing arginine. 
Choi et al. reported guanidinylated bock copolymers [101]. They 
tested efficacy of guanidinylated polymers (Guan polymer) by 
comparing with analogous non-guanidinylated polymer (Base 
polymer). As a result of guanidinylation, Guan polymers showed 
higher efficiency than Base polymers when they were treated to 
immortalized cell lines although Guan polymers displayed more 
cytotoxicity. However, interestingly, when they were treated to 
neural progenitor cells, it was found that Base polymers are more 
efficient. Through further experiments, the researchers concluded 
that the reason was the difference in susceptibility to anionic 
proteoglycans. Polyplex unpackaging experiment in the presence of 
heparin or heparan sulfate showed that Guan polymers were more 
susceptible than Base polymers. In the study, like arginine 
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conjugation, it was revealed that guanidinylation can enhance gene 
delivery efficiency; however, it is also revealed that guanidinylation 
is not always effective strategy. 
Chang et al. reported the study about guanidinobenzoic acid 
(GBA) functionalized PAMAM G5 dendrimers [102]. 
Guanidinobenzoic acid has guanidine group and benzene ring in a 
single compound. The researchers thought that this compound could 
overcome steric hindrance issue in the case of conjugating various 
moieties on a polymer. In this study, they compared the efficiency 
of GBA modified polymers with benzoic acid (BA) and guanidine 
(GA) modified polymers respectively. In terms of gene silencing 
efficiency and transfection efficiency, GBA modified polymers 
showed superior performance in comparison with BA and GA only 
modified polymers suggesting the synergy of guanidine and phenyl 
group. In the meanwhile, when comparing the efficiency of BA only 
modified polymers and GA only modified polymers, GA only 
modified polymers more potent performance in comparison with BA 
only modified polymers implying the effect of guanidine modification. 
Hibbitts et al. reported guanidine-containing polymers [103]. 
They tried to mimic the structure of oligoarginine by polymerizing 
PEG-based, arginine-containing polymers. It is called 
peptidomimetics, which is synthetic analogue mimicking the 
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structure and/or function of original peptide; it is not consisted of 
solely α-amino acids. In this study, tert-butyl N-(2-
oxiranylmethyl)carbamate was used to make the backbone of the 
polymers. Then, primary amines of the polymer were converted 
into guanidine groups. This mimic was tested and evaluated with a 
series of experiments. As a gene delivery vector, they tested the 
efficiency of gene delivery. The polymers showed excellent 
performance by inhibiting gene expression with no cytotoxicity. 
From the studies described above, it is found that arginine 
modification can improve the efficiency of gene delivery. Although 
the magnitude of enhancement was not regular, the effect of 
arginine has confirmed in many studies as shown. 
 
2.3. Gene Delivery Systems using Fluorination 
2.3.1. Properties of Fluoropolymers 
With respect to fluoropolymers, it is easy to come up with PTFE 
(polytetrafluoroethylene) and its derivatives such as PCTFE 
(polychlorotrifluoroethylene), PVF (poly(vinyl fluoride)), PVDF 
(poly(vinylidene fluoride)). Like PTFE, fluoropolymers mean the 
polymer containing fluorine atoms. In other words, when some 
hydrogens attached to hydrocarbon are substituted with fluorine, 
they are named as fluoropolymers. 
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Fluoropolymers usually have extraordinary extreme physical and 
chemical properties favorable for various industrial applications. 
They have affected profoundly since their discovery in the 1930s. 
Most of the properties are derived from the characteristic of 
fluorine atoms and C-F bonds. Fluorine is the most electronegative 
atom (3.98). When they substitute hydrogen, C-F bond forms more 
dipole moment dipole (1.41 D) than C-H bond (0.40 D). In addition, 
fluorine has lower polarization tendency due to the high value of 
dipole moment derived from the electronegativity of fluorine, and 
C-F bond is the strongest single bond ever known. The strong bond 
makes fluoropolymers extremely stable. From these properties, 
fluoropolymers usually show excellent chemical/thermal stability, 
extremely low surface tension causing simultaneous 
hydro/lipophobicity, and high fluidity, low dielectric constant, and 
gas-dissolving capacity. As mentioned above, these properties 
make them special in various fields of industry [104,105]. 
 
2.3.2. Fluorine modification (Fluorination) in pharmaceuticals 
In the field of pharmaceuticals, fluorination with fluorine and 
fluoroalkyl chains is also extensively adopted to develop new 
pharmaceuticals with high efficacy. Although it is not the form of 
polymer, it is found that substitution of atoms with fluorine or 
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fluoroalkyl chains can modulate various parameters pharmaceuticals 
by increasing potency, half-life, bioavailability, and so on. Strong 
electronegativity and other properties of fluorine can be used for 
modification of acidity and adjusting lipophilicity as they adjust the 
properties of fluoropolymers. Due to the merits of fluorinated drugs, 
the portion of them have been increasing; fluorination and screening 
of drugs have become a promising strategy of pharmaceuticals 
development; it is called fluorine scan [106-108].  
In 1955, fludrocortisone was approved as the first fluorine 
containing medicine [109]. After that, fluorinated bioactive molecule 
have occupied important portion in pharmaceutical industry [110]. 
 
2.3.3. Fluorinated Polymers for Gene Delivery Systems 
Recently, the similar attempts have been tried to examine the 
effect of fluorination on polymers. Researchers thought that some 
properties of fluorine containing drugs such as improved membrane 
permeability and elongated half-life in vivo can also be introduced 
if fluorination was adopted to gene delivery vectors. Although there 
are many differences between small molecules and polymers, they 
have researched various fluorinated polymers as candidates for 
gene delivery vectors. 
Xiong et al. adopted fluoropolymer for gene delivery carrier [111]. 
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They synthesized fluorine containing amphiphilic copolymers. Due 
to the simultaneous hydro/lipophobicity of fluoropolymer, they 
described that fluorine containing amphiphilic polymers usually 
displayed lower CMC (critical micelle concentration). Lower CMC 
means that the polymer can make more stable micelle than other 
polymers. Although they did not study gene delivery efficiency, 
they confirmed that they had synthesized the polymer suitable for 
gene delivery displaying low CMC, low cytotoxicity, and DNA 
complexing ability. 
In 2014, Wang et al. published a paper on fluorinated dendrimer 
[112]. In the study, G5 PAMAM was grafted by heptafluorobutyric 
anhydride (HFBA) with various feed ratio. Although they displayed 
limited range of cytotoxicity, the polymers showed low cytotoxicity 
in that range. By using reporter genes encoding luciferase and 
green fluorescence protein respectively, the polymers showed 
superior transfection efficiency than any other controls including G5 
PAMAM, PEI25k, and Lipofectamine 2000. Even though they were 
treated in the presence of serum (0, 10, 30, 50 % FBS), they still 
made superior performance. 
Wang et al. published a subsequent study about fluorination [113]. 
In this study, they conjugated a series of fluorobenzoic acids (FBA) 
to G5 PAMAM dendrimers to figure out the effect of fluorination. 
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Furthermore, the effect of the number of fluorine atoms and the 
location of fluorine atoms on conjugated benzene ring were also 
investigated. The results revealed that the number of fluorine atoms 
and the location of atoms on the ring played important roles for 
efficient transfection. In addition, FBA-modified dendrimers 
showed much higher transfection efficiency than unmodified 
dendrimers. In the case of G5-4FBA36 which modified with 36 FBA 
with 4 fluorine atoms on the ring, the transfection efficiency was 
superior to SuperFect and PolyFect and comparable to 
Lipofectamine 2000 with low cytotoxicity. It was found that cellular 
uptake, endosomal escape, and intracellular DNA release were 
efficient. From these results, it can be concluded that modification 
with fluoroaromatic compounds increases the efficacy of gene 
delivery dramatically. 
Liu et al. synthesized fluorinated poly(propylenimine) (PPI) with 
heptafluorobutyric anhydride. G3, G4, G5 PPI dendrimers were used 
in the study [114]. From the results, it was found that the 
efficiency of gene delivery increased along with the generation of 
dendrimer. G5 fluorinated PPI showed the lowest value of optimal 
NP ratio for gene transfection although all the polymers efficiently 
delivered gene at very low NP ratios. Furthermore, gene delivery 
efficiency of the polymers was significantly improved, it was 
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superior to commercial transfection reagents like Lipofectamine 
2000, JetPEI, SuperFect, and PolyFect. 
Wang et al. published a paper dealing with self-assembled 
fluorodendrimers [115]. By modifying PAMAM dendrimers with 
heptafluorobutyric anhydride, they said fluorodendrimers had the 
features of lipid such as self-assembly and cell membrane affinity. 
From the results of experiments, it was found that self-assembled 
fluorodendrimers showed high transfection efficiency in vitro and in 
vivo, high permeability in 3D spheroids, minimal toxicity, and high 
stability in the presence of serum.  
Lv et al. modified PEI25k with fluoroalkyl chains via oxirane or 
anhydride reaction [116]. The synthesized polymers showed much 
higher efficiency than unmodified PEI25k. Furthermore, they 
demonstrated comparable of superior efficiency of gene delivery to 
several transfection reagents such as SuperFect, PolyFect, JetPEI, 
and Lipofectamine 2000 even at low very low NP ratios. Especially, 
fluorinated PEI25k still efficiently transfected cells in 3D spheroid 
culture. The results suggested that fluorination enhanced the gene 
delivery efficiency of PEI even on spheroid cell cultures. 
He et al. reported gene delivery carriers with minimal fluorination 




fluorination reagent. The double-tailed fluorous compound, CBT, 
was conjugated to G1, G2, G5 PAMAM dendrimers and PEI1.8k with 
minimal modification degree; all the values of the modification were 
located between 1 and 2. Regardless of low modification degree, all 
the modified polymers displayed significantly improved gene 
delivery efficiency in comparison with their unmodified counterparts. 
Especially, several polymers showed comparable or superior 
transfection efficiency to Lipofectamine 2000. The study suggested 
that minimal fluorination also enhanced gene delivery efficiency 
although it was dependent on fluorination reagent. 
Johnson et al. synthesized fluorocarbon-modified PEI (600 Da, 
FCPEI) and compared with hydrocarbon analogue [118]. In the 
study, although they did not compare the efficiency of FCPEI with 
other standards such as PEI25k, Lipofectamine 200, and JetPEI, 
gene delivery efficiency was superior to hydrocarbon analogue. 
Other parameters of FCPEI such as cellular uptake and serum 
resistance were also significantly improved in comparison with 
hydrocarbon-modified PEI.  
Wang et al. studied about structure-activity relationships of 
fluorinated dendrimers [119]. G4~7 PAMAM dendrimers with 
various fluorination degrees were used for investigating structure-
activity relationships. From the results, it was found that at least 
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50% of primary amines on dendrimers should be converted into 
fluoroalkyl chains to achieve efficient DNA and siRNA delivery. 
Interestingly, fluorinated G5 PAMAM showed the highest efficiency 
among the synthesized dendrimers although the reason was not 
clear.  
Wang et al. applied fluorinated dendrimer to cancer treatment 
[120]. In the study, G4 PAMAM was modified with 
heptafluorobutyric anhydride. For cancer treatment, tumor necrosis 
factor-related apoptosis-inducing ligand (TRAIL) gene was 
adopted. The fluorinated PAMAM dendrimer exhibited superior 
gene delivery efficiency than commercial reagent such as PEI, 
SuperFect, and Lipofectamine 2000 resulting in much higher 
apoptosis of TRAIL transfected cells. Furthermore, the polymer 
destroyed three-dimensional cell culture efficiently in vitro and 
suppressed tumor growth in vivo successfully. These results 
indicated the potential of fluorination which increased the efficiency 
of gene delivery dramatically. 
Wang et al. synthesized low molecular weight fluorodendrimers to 
deliver fluorinated drugs and TRAIL gene simultaneously [121]. Via 
fluorine-fluorine interaction, fluorinated drugs can be loaded in 
fluorodendrimers. Due to this property, fluorodendrimer can be 
adopted as a co-delivery carrier. In this study, G2 PAMAM 
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dendrimer modified with heptafluorobutyric anhydride used with 
self-assembled carrier. The polymer showed high gene delivery 
efficiency and high drug loading efficiency. When they were used as 
co-delivery carriers, they showed synergistic effect suggesting the 
potential as versatile co-delivery systems. 
In the meanwhile, Xiao et al. synthesized crosslinking structured 
polymers incorporating fluorine into backbone of the polymers and 
investigated cellular uptake pathway of the polymers [122]. In 
other words, they synthesized fluorine containing crosslinkers and 
tested by constructing polymers. The crosslinkers contained 
various length of CF2 chain in the middle of them and had two 
epoxide functional group at the both ends. In the study, low 
molecular weight PEI (600 Da) was used for component of the 
polymer. Synthesized polymers showed lower cytotoxicity in most 
of the cases. In terms of transfection, polymer synthesized with 
crosslinker containing high number of fluorine displayed lower 
efficiency than PEI25k; other polymers made superior performance 
to PEI25k in most cases. It was thought that strong interaction 
between the polymer and DNA may prevent the release from the 
polyplex ending up with low transfection efficiency. Interestingly, 
when it comes to cellular uptake, the uptake was increased along 
with the increase of serum concentration in some range, but they 
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did not discuss that. Through the endocytosis mechanism 
experiment, they found that the polymers mainly entered cells by 
using macropinocytosis and microtubule mediated endocytosis. 
Tan et al. tested how distribution of fluorous chains affected gene 
delivery [123]. Via RAFT polymerization, DMAEMA (2-
dimethylaminoethyl methacrylate) and HFMA (heptafluorobutyl 
methacrylate) were polymerized into statistical and block 
fluoropolymers respectively. From the results, all the polymers 
containing HFMA exhibited superior gene delivery efficiency. 
Interestingly, statistical fluoropolymers showed more efficient in 
gene delivery in comparison to block fluoropolymers although the 
reason was not revealed in this study. 
Zhang et al. constructed a library of fluorinated oligoethylenimine 
(fOEI) [124]. Perfluorooctanyl fluoride was used for fluorination of 
OEI (600 Da). The researcher said that the fOEIs could readily 
form nanoassemblies (fOEI NAs). From the results, it was 
confirmed that fOEI NAs exhibited superior cellular uptake and 
endosomal escape even in the presence of serum. In addition, fOEI 
NAs demonstrated excellent colloidal stability and resistance to 
adsorption of serum proteins.  
Chen et al. made siRNA delivery systems by using fluorinated PEI 
as a surfactant of perfluorodecalin (PFD) emulsion [125]. By using 
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emulsion, it was found that the cytotoxicity of fluorinated PEI was 
reduced. In the meanwhile, due to the introduction of fluorinated 
PEI, the emulsion demonstrated effective binding with siRNA. 
Moreover, the gene delivery efficiency was maintained even in the 
high concentration of serum conditions implying serum resistance. 
The efficiency was also tested in a melanoma mouse model in vivo. 
The fluorinated emulsion showed excellent silencing of Bcl2 gene 
inducing apoptosis and inhibiting tumor growth. 
Xiao et al. also made fluorinated polymers with fluorobenzoic acid 
(FBA) with various number of fluorine atoms to study structure-
activity relationships [126]. In the study, 600 Da of PEIs were 
reacted with a series of FBAs with different number of fluorine 
atoms. From the results, several things are found. Structure-
activity relationship studies showed shielding effect of fluorine 
atoms. Fluorine atoms could screen the positive charge of the 
polymers. With good balance of shielding effect and positive charge, 
fluorinated polymers could condense and release DNA efficiently. In 
the meanwhile, it was found that more fluorine atoms could achieve 
more efficient cellular uptake. As a result, the polymers displayed 
efficient gene delivery. 
Zuo et al. used carbon dots for the core of gene delivery carriers 
[127]. To carbon dots, PEI1.8k and tetrafluoroterephthalic acids 
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were conjugated via solvothermal process. PEI1.8k conferred 
positive charge and tetrafluoroterephthalic acid is a fluorination 
reagent. The fluorinated carbon dots (FCDs) displayed much higher 
transfection efficiency than PEI25k and Lipofectamine 2000. In 
comparison with non-fluorine analogue (UCD), FCD showed 
superior transfection efficiency to UCD implying the effect of 
fluorination. Moreover, in the presence of serum with high 
concentration, FCD still demonstrated the highest efficiency than 
other polymers.  
Gene delivery systems adopting fluorination were extensively 
researched by many research groups recently. As described above, 
fluorinated gene delivery systems commonly were told that 
fluorination enhanced cellular uptake, serum stability, and 
consequential improvement of gene delivery efficiency. Collectively, 
it could be thought that fluorination was promising strategy for 
developing efficient gene delivery systems. 
 
2.4. Fluorination with Other Strategies 
With the progress of research on fluorinated gene delivery 
carriers, researchers started to combine various strategy into a 
polymer. As mentioned above, there are many barriers of gene 
delivery. To circumvent them, many researchers have been 
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combining many strategies into a gene delivery system. As a 
strategy, fluorination also have been combined with other strategies. 
Wang et al. published a paper dealing with nanomicelles containing 
fluorocarbon core [128]. By conjugating fluorocarbon moieties to 
PEI (10,000 Da) by using disulfide exchange reaction, they made 
the elemental polymers as a component of nanomicelles. Due to the 
disulfide bond, it was confirmed that the polymers can release DNA 
in reducing environment. It means that cleavage of bond between 
fluorocarbon and PEI in reducing condition caused the breakdown of 
nanomicelles and facilitated the release of cargos. In addition, due 
to the fluorinated core having strong tendency of aggregation, the 
nanomicelles showed high gene delivery efficiency even in the 
presence of serum. 
In the meanwhile, reactive oxygen species generated during 
cellular metabolism were also used trigger of polymer degradation. 
Liu et al. synthesized reactive oxygen species (ROS)-responsive 
bola-amphiphilic dendrimers [129]. The polymer was consisted of 
fluorinated thioacetal core with 3,5-difluorobenzalhyde and terminal 
PAMAM dendrons at the both ends of polymer. The polymers 
showed excellent siRNA delivery efficiency. ROS-sensitive 
property of the polymer facilitated specific and efficient release of 
the siRNA in the ROS-rich environment of cancer cells. In addition, 
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fluorine tags with 19F on the polymers enabled 19F-NMR analysis of 
the process of gene delivery. 
Cai et al. synthesized bioreducible fluorinated peptide dendrimers 
(BFPDs) with polyhedral oligomeric silsesquioxane (POSS) core-
based poly(L-lysine) G2 dendrimers, DSPs, and heptafluorobutyric 
acids [130]. Due to the combination, the polymer had relatively low 
cytotoxicity and high gene delivery efficiency superior to PEI25k. 
The efficiency was maintained even in vivo experiments suggesting 
the merit of the combination of bioreducibility and fluorination. 
After a year, Cai et al. published a paper on subsequent research 
of BFPD [131]. In this study, BFPDs were used for siRNA delivery. 
As described above, the polymers also showed excellent 
performance and good biocompatibility in siRNA delivery. They 
exhibited improved physiological stability, serum resistance, 
enhanced intratumoral enrichment, cellular uptake, efficient 
endosomal escape, and facilitated intracellular siRNA release. 
Consequently, the polymers successfully prevented the tumor 
proliferation both in vitro and in vivo. In comparison with 
Lipofectamine 2000, BFPD was more efficient and safe gene 
delivery carrier. 
Chen et al. published a paper on combining fluorination and 
bioreducibility [132]. The researchers synthesized poly(disulfide) 
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using N,N-dimethyldipropylene-tiramine (DMDPTA) and CBA. 
Then, the polymer was further modified with HFBA for fluorination. 
The synthesized polymer (F-RHB) exhibited superior siRNA 
delivery efficiency with relatively low cytotoxicity both in vitro and 
in vivo suggesting the merits of combining bioreducibility and 
fluorination. 
Deng et al. developed fluorinated, ROS-cleavable PEI [133]. In 
this paper, low molecular weight PEI (600 Da) was crosslinked with 
a linker containing diselenide. Then, fluorination was done. The 
synthesized polymers exhibited low cytotoxicity and high gene 
delivery efficiency than PEI25k. The ROS triggered degradation of 
diselenides when the polymer entered the cells and enhanced serum 
resistance and facilitated interactions with cell membrane made the 
polymer efficient and safe. By combining degradability triggered 
intracellular region and fluorination, they successfully made 
efficient and safe gene delivery carriers. 
Gong et al. reported biodegradable fluorinated poly(β-amino 
ester)s (FPBAEs) [134]. The synthesis was performed by using 
Michael addition reaction; 1H, 1H-undecafluorohexylamine was 
used as fluorous compound for fluorination. From the results of the 
study, it was found that FPBAEs had biocompatibility probably due 
to biodegradability derived from ester bond. In addition, it was 
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revealed that fluorination significantly improved the efficiency of 
gene delivery in comparison with unmodified analogues (PBAEs). 
The efficiency was also much higher than PEI25k. 
Qi et al. synthesized fluorinated acid-labile branched hydroxyl-
rich polycation (ARP-F) via facile ring opening polymerization 
[135]. By using the polymers, in this study, they performed various 
experiments such as in vitro/in vivo gene delivery, in vitro/in vivo 
gene editing, combination with treatment of anticancer drug, 
temozolomide and delivery of Cas9 gene. From the results, it was 
found that the polymers exhibited adequate pH-responsive 
degradability, biocompatibility, and high gene delivery efficiency 
both in vitro and in vivo. In the case of tumor growth inhibition, 
ARP-F efficiently suppressed the growth of tumor with no 
systemic cytotoxicity. In combination with temozolomide, the gene 
delivery successfully increased the sensitivity of cancer cells to 
anticancer drugs implying the potential of ARP-F as a gene 
delivery carrier. 
Chen et al. used CBA, amine functionalized methoxy PEG 
(mPEG-NH2), N, N-dimethyldipropylenetriamine (DMDPTA), and 
HFBA to synthesized fluorinated bioreducible polymer [136]. CBA, 
mPEG-NH2, and DMDPTA were used for backbone of the polymer. 
Then, HFBA was conjugated to secondary amine of synthesized 
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polymer, PEG-PCD. In the study, they examined the effect of 
fluorination on polymer. Bioreducible behavior of the polymers was 
confirmed; the polymers released DNA successfully in reducing 
condition. Cytotoxicity of the polymers was also relatively lower 
than PEI25k; it might be the effect of PEG and bioreducible 
backbone of polymer. To confirm the efficiency as gene delivery 
carrier, the researchers performed several experiments. The 
results indicated that fluorination improved the efficiency of 
delivery by enhancing cellular uptake and serum stability. in vivo 
experiment also showed same result suggesting the potential of 
fluorination. 
Zhang et al. published a paper dealing with ROS-responsive gene 
delivery carriers [137]. By using thioacetal linkers containing 
fluorobenzene moiety, ROS-responsive fluorinated polymer was 
synthesized via ring opening polymerization with tris(2-
aminoethyl)amine (TAEA). By varying the number of fluorine on 
fluorobenzene, they investigated the effect on gene delivery. From 
the structure-activity relationship studies, it was found that the 
increasing number of fluorine atoms on the linkage induced better 
transfection efficiency and serum tolerance. Among the polymers, 
TAEA-S-4F which had 4 fluorine atoms (the highest number of 
fluorine in this study) showed the best performance. It was thought 
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that good cellular uptake and endosome escape ability derived from 
fluorine effect are the reason for the best performance. In the 
meanwhile, it was also found that to exert the effect of fluorine, 
enough amount of fluorine should present on the polymer. For 
example, TAEA-S-1F and TAEA-S-2F exhibited lower gene 
delivery efficiency than TAEA-S-0F which had no fluorine on 
benzene ring. 
Although there were a few researches for combination of 
fluorination with other strategies, fluorination apparently attracted 
attention of many researchers. The combination of fluorination 
strategy with others would make opportunities for developing new 
efficient and safe gene delivery carriers. 
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Chapter 3. Crosslinked Bioreducible Polymer 
for Gene Delivery System 
 
3.1. Materials and Methods 
3.1.1. Materials 
Poly(propylene imine) (DAB-Am-4 G 1.0, PPI G1), N, N’-
cystamine bisacrylamide (CBA), polyethylenimine (PEI25k, 25 
kDa), agarose, ethidium bromide, gel loading solution, sodium 
acetate, and 3-[4,5-dimethrylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide (MTT) were purchased from Sigma-
Aldrich (USA). Tris base and methanol was purchased from Merck 
(Germany). HPLC grade water was purchased from Duksan (Korea). 
DL-dithiothreitol (DTT) was purchased from Biosesang (Korea). 
Hydrochloric acid was purchased from Junsei (Japan). pDNA 
(pCN-Luci) was amplified by using Escherichia coli DH5α and 
obtained by using PureLink HiPure Plasmid Filter Purification kit 
(Invitrogen, USA). Dulbecco ’ s Modified Eagles ’  Medium 
(DMEM), Dulbecco’s Phosphate Buffered Saline (DPBS), Fetal 
Bovine Serum (FBS), Penicillin-Streptomycin (P/S), Trypsin-
EDTA (0.25%), and Quant-iT™ PicoGreen® kit were purchased 
from Invitrogen (USA). Luciferase assay system and reporter lysis 
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buffer were purchased from Promega (USA). BCA™ protein assay 
kit was purchased from PIERCE (USA). Glutathione Detection Kit 
was purchased from Millipore (USA). Cellular Reactive Oxygen 
Species Detection Assay Kit was purchased from abcam (USA). All 
other chemicals were purchased and used without further 
purification. 
 
3.1.2. Synthesis and characterization of crosslinked PPIs  
Crosslinked PPIs were synthesized by Michael addition reaction 
of PPI G1 and CBA according to the slightly modified method from a 
previous report [138]. First, PPI G1 was dissolved in 
methanol/water solution (9:1, v/v). Then, various molar amounts of 
CBA (PPI:CBA = 1:0.25, 1:0.5, 1:1, or 1:2, respectively) were 
prepared in reaction bottles and PPI solutions were added to the 
bottles with continuous stirring. After 24 h of reaction under N2 
atmosphere in the dark, the solutions were diluted with ultra-pure 
water and acidified to pH 4 with 1 M HCl. Then, the product 
solutions were dialyzed against ultra-pure water for 48 h using 
dialysis membranes (MWCO = 3,500). The products, crosslinked 
PPIs, were obtained after lyophilization. The synthesis of the 
polymers was confirmed by 1H NMR (600 MHz, AVANCE 600, 
Brucker, Germany). The synthesis scheme of PPI-CBAs was 
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shown in Scheme 2. The molecular weights of PPI-CBAs were 
measured by gel permeation chromatography (GPC) (YL-9100, 
Young Lin Instrument, Korea). The samples were dissolved at a 
concentration of 10 mg/mL. The assay was run on Ultrahydrogel 
250 column (USA) with 1% formic acid as an eluent at 1.0 mL min-
1 of flow rate. Poly(ethylene glycol)s with various molecular 
weights were used as standards for analysis. Carbon, nitrogen, 
hydrogen, and sulfur composition ratios of the polymers were also 
analyzed by elemental analyzer (Flash EA 1112, Thermo Electron 
Corporation, USA). To confirm the degradation behavior of PPI-
CBAs in reducing condition, the molecular change in the presence of 
5 mM DTT was measured at pre-determined time; 0.5, 1, 1.5, 2, 3, 
4 h. Except for the DTT incubation, the condition for GPC 
measurement was same.  
 
3.1.3. Agarose gel electrophoresis 
pDNA condensing ability of PPI-CBAs was examined by agarose 
gel electrophoresis. PPI-CBA polyplexes were prepared in HEPES 
buffer (pH 7.4) at various weight ratios ranging from 0.5 to 4. 
Agarose gel (0.7% w/v) containing ethidium bromide solution (0.5 
㎍/mL) was prepared in TAE (Tris-Acetate-EDTA) buffer. After 
30 min of incubation at room temperature, the samples were 
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electrophoresed at 100 V for 20 min. The polyplexes were also 
incubated in the presence of 5 mM DTT for 30 min at 37 ℃ and 
electrophoresed in order to examine the behavior of the polyplexes 
in reducing condition. The pDNA bands were visualized with UV 
illuminator (GelDoc XR+ gel documentation system, Bio-Rad, USA). 
 
3.1.4. PicoGreen assay 
PicoGreen assay was performed to examine the degradation 
behavior of PPI-CBAs quantitatively by detecting the dissociated 
pDNA from the polyplex in reducing condition. Linear bioreducible 
polymer, poly(cystaminebisacrylamide-diaminobutane) 
(poly(CBA-DAB)) and PEI25k were used as controls. Poly(CBA-
DAB) was synthesized according to the slightly modified method 
from previous report [139]. After formation of polyplex in TE 
buffer at a N/P ratio of 5 (0.25 ㎍), each polyplex was incubated in 
5 mM DTT solution for pre-determined time; 0, 0.5, 1, 1.5, 2, 3, 4 
h, respectively. Then, PicoGreen reagent dissolved in TE buffer 
was added to the polyplex solution and incubated for 4 min. 
Fluorescence was measured with an excitation wavelength of 480 
nm and emission wavelength of 520 nm using a microplate reader 
(Synergy H1, BioTek, USA). Results were presented as a relative 
fluorescence intensity (RFI, percentage values relative to value of 
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pDNA only). All experiments were performed in triplicate. 
 
3.1.5. Average size and Zeta-potential value measurement of PPI-
CBA polyplexes 
The average sizes and Zeta-potential values of PPI-CBA 
polyplexes were measured by using Zeta-sizer Nano ZS (Malvern 
Instruments, UK) with He-Ne laser beam (633 nm) at 25 ℃. 0.5 
mL of polyplex solutions (0.5 ㎍ pDNA) were prepared in ultra-
pure water at various weight ratios ranging from 0.5 to 20. After 30 
min of incubation, the solutions were diluted to final volume of 1 mL. 
The measurements were performed 3 times. 
 
3.1.6. Cytotoxicity of polymers 
The cytotoxicity of the polymers was estimated by MTT assay. 
HeLa, human cervical adenocarcinoma cell line, was maintained in 
DMEM supplemented with 10% FBS and 1% P/S in humidified 
atmosphere containing 5% CO2 at 37 ℃. Then, the cells were 
seeded on a 96-well cell culture plate at a density of 1 x 104 
cells/well in 100 μL of DMEM containing 10% FBS and 1% P/S. As 
the cells achieved 70-80% confluency after 24 h of incubation, the 
cells were treated with PPI-CBA solutions (serum-free DMEM) 
with various concentrations for 4 h. PEI25k and PPI G1 were used 
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as controls. Then, the media were exchanged with fresh DMEM 
containing 10% FBS. After 24 h of incubation, 25 μL of MTT 
solution (2 mg/mL in DPBS) was added to each well and further 
incubated for 2 h. The media were carefully removed and 150 μL 
of DMSO was added to each well to dissolve formazan crystal 
formed by proliferating cells. The absorbance was measured at 570 
nm by using a microplate reader. Results were presented as relative 
cell viability (RCV, percentage values relative to value of untreated 
control cells). All experiments were performed in quadruplicate. 
 
3.1.7. Transfection experiments in vitro  
HeLa cells were seeded on a 24-well cell culture plate at a 
density of 5 x 104 cells/well and grown until they achieved 70-80% 
confluency. Before transfection, medium of each well was 
exchanged with fresh DMEM for the assay in serum-free condition 
or with DMEM (10% FBS) for the assay in serum condition, 
respectively. The cells were then exposed to polyplex solutions 
(0.5 ㎍ pDNA) with various weight ratios for 4 h. PEI25k polyplex 
(weight ratio = 1) and PPI G1 polyplexes (weight ratio = 60) were 
used as controls. After exchange with fresh medium containing 10% 
FBS, the cells were further incubated for 2 days. Then, each 
medium was aspirated, and the cells were rinsed with DPBS and 
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shaken for 30 min at room temperature with 120 μL of Reporter 
Lysis Buffer. Luciferase activities of cell lysates (20 μL) were 
measured by luciferase assay on a microplate reader and the total 
amounts of cellular proteins were examined by using a BCA™ 
Protein Assay Reagent Kit. The normalized results were presented 
in terms of relative light unit (RLU)/mg cellular protein. All 
experiments were performed in triplicate. 
 
3.1.8. Measurement of intracellular glutathione (GSH) level 
Effect of PPI-CBAs to intracellular GSH level was examined in 
HeLa cells. GSH assay was performed according to the slightly 
modified method from the manufacturer’s given protocol. The cells 
were seeded on a 12-well cell culture plate at a density of 2 x 105 
cells/well. After the cells achieved 70-80% confluency after 24 h 
of incubation, the cells were treated with PPI-CBAs with various 
concentrations (serum-free DMEM) for 4 h. Then, the cells were 
washed with ice-cold wash buffer and treated with lysis buffer on 
ice for 10 min. After collection of cell lysates by ultracentrifuge, the 
supernatants were mixed with prepared monochlorobimane (MCB) 
solutions. After 1.5 h of incubation at room temperature without 
light, the fluorescence of the solutions was measured by using a 
microplate reader with a 380/460 nm filter. Finally, intracellular 
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GSH levels of samples were presented in terms of relative 
fluorescence intensity (RFI) to a value of untreated cells. All 
experiments were performed in triplicate.  
 
3.1.9. Measurement of intracellular reactive oxygen species (ROS) 
level 
Effect of PPI-CBAs to intracellular ROS level was also examined 
in HeLa cells. ROS assay was performed according to the slightly 
modified method from the manufacturer’s given protocol. The cells 
were seeded on a 96-well black plate at a density of 2.5 x 104 
cells/well. After the cells achieved 70-80% confluency after 24 h 
of incubation, the cells were washed with supplied 1X buffer. Then, 
the cells were treated with 2’,7’-dichlorofluorescein diacetate 
(DCFDA) solution for 45 min without light. After washing with 1X 
buffer, PPI-CBA solutions with various concentrations were treated 
to the cells for 4 h without light. PPI G1 and poly(CBA-DAB) were 
also used as controls. The fluorescence of each well was 
subsequently measured by using a microplate reader (excitation: 
485 nm, emission: 535 nm). Finally, intracellular ROS levels of 
samples were presented in terms of relative fluorescence intensity 





3.2. Results and discussion 
3.2.1. Synthesis and characterization of PPI-CBAs 
To synthesize PPI-CBAs, Michael addition reaction was used. A 
series of feed ratios (PPI:CBA = 1:0.25, 1:0.5, 1:1, and 1:2) were 
set to compare their characteristics. The synthesis scheme 
containing expected polymer structure for PPI-CBAs is presented 
in Scheme 2. Higher feed ratio (PPI:CBA=1:3) also has been tried; 
however, the solution turned solidified soon probably due to the 
extensive crosslinking. In addition, as described above, the reaction 
time was fixed. Further reaction also resulted in solidification of the 
product. Furthermore, because the reaction was step-wise, it was 
thought that tuning of the reaction composition rather than varying 
time parameter had more impact. The synthesis of the polymers 
was confirmed by 1H NMR (Figure 1) as follows. 
1H NMR (D2O): δ PPI G1 (-NCH2CH2CH2CH2N-) = 1.81, δ PPI 
G1 (-NCH2CH2CH2N-) = 2.14, δ CBA (-
NCH2CH2CONHCH2CH2SS-) = 2.77, δ CBA (-
CH2CH2SSCH2CH2-) = 2.89, δ (protons next to amines) = 3.13-
3.37, δ CBA (-NCH2CH2CONHCH2CH2SS-) = 3.58 
Experimental ratios of polymer composition between PPI G1 and 









Scheme 2. Synthetic scheme of PPI-CBAs. Michael addition 
reaction was used to synthesize PPI-CBAs.  
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from PPI G1 (-NCH2CH2CH2CH2N-) and CBA (-
NCH2CH2CONHCH2CH2SS-). Table 1 shows the chemical 
properties of PPI-CBAs. PPI-CBAs were named after the 
composition ratios; P4C2, P4C3, P4C5, and P4C9, respectively. The 
proportion of CBA in PPI-CBAs was increased along with the 
increase of CBA amount added. The discordance between feed 
ratios and composition ratios was thought that it would be derived 
from the removal of unreacted PPI G1 during purification. Emerging 
steric hindrance during reaction progress would be a significant 
factor for unreacted PPI G1 which is a plausible reason of the 
discordance. 
The element (C, H, N and S) composition of each PPI-CBA was 
also examined by elemental analysis. As shown in Table 2, the 
composition ratios of S (sulfur) were increased, and those of N 
were decreased along with the increase of CBA portion in PPI-
CBAs. When the composition ratios of elements from elemental 
analysis were compared with the composition ratios of elements 
based on by 1H NMR analysis, all the values were found in the range 
from 0.95 to 1.21. This result shows good correlations between 
these two analyses for the characterization of the structures and 
monomer compositions of PPI-CBAs. Molecular weights of PPI-




Figure 1. 1H NMR spectra of PPI-CBAs. (A) P4C2, (B) P4C3, (C) 


























P4C2 1:0.25 1:0.5 4.62 6.81 1.47 53.1 
P4C3 1:0.5 1:0.75 8.67 15.5 1.78 63.9 
P4C5 1:1 1:1.24 9.79 22.8 2.33 85.6 












Table 2. Elemental analysis result of synthesized PPI-CBAs. 






































a) Found value of the element (%) in each PPI-CBA  
b) Relative ratio of the element among total elements in each PPI-
CBA 
c) Relative ratio between elemental analysis value and NMR analysis 


























Figure 2. Chromatograms of P4C2 incubated with 5 mM DTT. (A) 0 






















Figure 3. Chromatograms of P4C3 incubated with 5 mM DTT. (A) 0 






















Figure 4. Chromatograms of P4C5 incubated with 5 mM DTT. (A) 0 






















Figure 5. Chromatograms of P4C9 incubated with 5 mM DTT. (A) 0 
h, (B) 0.5 h, (C) 1 h, (D) 1.5 h, (E) 2 h, (F) 3 h, (G) 4 h. 
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Figure 6. The molecular weight changes of PPI-CBAs in the 
presence of 5 mM DTT for 4 h. The plots display number-average 
(A) and weight-average (B) molecular weight. 
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(Mw) of PPI-CBAs ranged from 6.81 kDa to 66.4 kDa. Molecular 
weights of PPI-CBAs and polydispersity index (PDI) of the 
molecular weights were found to be increased with the increase of 
the added CBA amounts probably due to the increase of the 
crosslinking degree, as shown in Table 1. 
As shown in Figure 2-6, degradation profiles were summarized. 
Interesting results were displayed. All PPI-CBAs showed 
resistance to degradation in reducing environment unlike linear 
bioreducible polymer completely degraded [140]. Although the 
portion of peak 1 and 2 was different, most of PPI-CBAs degraded 
into low molecular weight compounds (~1000 Da). However, they 
remained high molecular weight portion until 4 h of incubation. 
Moreover, in the case of P4C2, it recovered the molecular weight 
significantly during the DTT incubation. It can be speculated that 
PPI-CBAs had some extent of resistance to reducing environment 
and it could recover their disulfide bond after the cleavage. 
 
3.2.2. Agarose gel electrophoresis 
Agarose gel electrophoresis was performed in order to examine 
pDNA condensing abilities of PPI-CBAs. In the absence of DTT, a 




Figure 7. Agarose gel electrophoresis results of PPI-CBA 
polyplexes in the absence of DTT (A-D) and in the presence of 
DTT (5 mM) (E-H). (A) and (E): P4C2, (B) and (F): P4C3, (C) 




a weight ratio of 0.5 but P4C5 and P4C9 could condense pDNA at 
higher weight ratios (1 and 2, respectively) (Figure 7A-D), which 
means that PPI-CBAs could condense pDNA at low weight ratios 
and that pDNA condensing ability of PPI-CBAs were increased with 
the increase of the charge density. Table 1 shows the charge 
density of the polymers. 
Usually, it was reported that bioreducible polymers could release 
pDNA from the polyplexes in reducing condition due to their 
degradation by cleavage of internal disulfide bonds [78,141]. 
However, interesting results were obtained for the electrophoresis 
in reducing condition (5 mM DTT). In Figure 7E-H, it was 
observed that PPI-CBAs still could condense pDNA even at low 
weight ratios in reducing condition, in contrast to other cross-
linked bioreducible polymers. This result demonstrated that PPI-
CBA polyplexes were not disrupted in reducing condition and that 
some mechanism could stabilize PPI-CBA polyplex structures even 
in reducing condition. In addition, pDNA bands getting strong at a 
weight ratio of 0.5 (Figure 7E-H) also showed that pDNA 
condensing ability of PPI-CBAs were increased with the increase 











Figure 8. PicoGreen assay results. All polyplexes were prepared at 
a NP ratio of 5. Result was presented as a relative fluorescence 




In order to investigate the degradation behaviors of PPI-CBA 
polyplexes in reducing condition quantitatively, PicoGreen assay 
was performed (Figure 8). All polyplexes were prepared at a NP 
(nitrogen to phosphate) ratio of 5 to harmonize the electrostatic 
effect of polymers on polyplex formation. PEI25k and linear 
bioreducible polymer, poly(CBA-DAB), were used as controls. 
PEI25k polyplex showed very low fluorescence values irrespective 
of incubation time. It was thought that PEI25k polyplexes were not 
disrupted and stable in that condition. On the contrary, poly(CBA-
DAB) polyplex showed high fluorescence values above 80% even 
after 30 min of incubation, meaning that poly(CBA-DAB) 
polyplexes could be disrupted and released most of pDNA due to 
degradation of the polymer structure. However, the fluorescence 
values of PPI-CBA polyplexes were low (< 40 %) even after 4 h of 
incubation in reducing condition, showing that PPI-CBA polyplexes 
could be degraded by cleavage of disulfide bonds, but they were 
just partially disrupted. When considering the number of DTT, at 
least 415 times of DTT to that of disulfide bonds in PPI-CBAs 
existed. In the case of P4C2 which possessed lowest amount of 
disulfide bonds, the number of DTT was about 1800 times higher. 
Taken together with poly(CBA-DAB) result and polymer 
degradation experiment results measured by GPC, it is suggested 
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that the disrupted PPI-CBA polyplexes may be re-stabilized by 
re-crosslinking of the degraded PPI-CBA fragments via auto-
oxidation of their multiple terminal thiols. In the case of poly(CBA-
DAB), it was thought that poly(CBA-DAB) fragments could not 
condense pDNA in reducing condition because even single bond 
degradation resulted in the whole cleavage of the linear polymers, 
unlike PPI-CBAs which have crosslinked structure. Therefore, it 
was deduced that the structures of bioreducible polymers 
(crosslinked structures and crosslinking degrees) would be 
important factors for degradation of the polyplexes in reducing 
condition. 
 
3.2.4. Average size and Zeta-potential value measurement of PPI-
CBA polyplexes 
Average size and zeta-potential value of PPI-CBA polyplexes 
were measured at various weight ratios ranging from 0.5 to 20 by 
Zeta-sizer. As shown in Figure 9A, Z-average sizes (Zavg) of all 
PPI-CBA polyplexes were found to be below 250 nm at higher 
weight ratios than 1. Interestingly, we observed the small average 
size (150-300 nm) of polyplexes even at low weight ratios (0.5 or 
1) in which pDNA was not condensed completely by PPI-CBAs in 





Figure 9. Average size (A) and Zeta-potential value (B) 
measurement of PPI-CBA polyplexes. 
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the partially formed polyplexes. In other words, although they could 
not form integral polyplexes binding pDNA tight, it would be enough 
to constitute the small particles. 
In the case of Zeta-potential values (Figure 9B), most PPI-CBA 
polyplexes except P4C5 showed negative values at a weight ratio of 
0.5, which meant the incomplete condensation of anionic pDNA with 
cationic PPI-CBAs at that ratio. Only P4C5 polyplex exhibited 
positive Zeta-potential value (17.8 mV) at a weight ratio of 0.5 
probably due to the more expedited pDNA condensation by P4C5 
than other polymers, which is well consistent with the agarose gel 
electrophoresis result. Zeta-potential values of PPI-CBA 
polyplexes were increased to positive values with the increase of 
weight ratios and finally reached about 50 mV at a weight ratio of 
20. These results demonstrated that PPI-CBAs could form nano-
sized and positively charged polyplexes with pDNA, which may lead 
to the efficient adsorption to negatively charged cell membrane and 
cellular uptake of the polyplexes [142,143]. 
 
3.2.5. Cytotoxicity of polymers 
In order to examine cytotoxicity of PPI-CBAs, MTT assay was 
carried out with HeLa cells. In Figure 10, PEI25k showed significant 













negligible cytotoxicity with high relative cell viability (> 90%) at all 
concentrations. Interestingly, PPI-CBAs-treated cells exhibited 
the decreased cell viability with increase of the concentration, and 
the cytotoxicity of PPI-CBAs was increased with increase of CBA 
portion in the polymers. Usually, other bioreducible polymers 
composed of nontoxic monomer units have been reported to show 
marginal cytotoxicity due to their degradation in cytosol, even if 
they are crosslinked [58-61,144,145]. However, bioreducible PPI-
CBAs comprised of PPI G1 which is non-toxic showed considerable 
cytotoxicity and it was thought that it may be related with unusual 
degradation behaviors of PPI-CBAs in reducing condition as 
mentioned above. Therefore, further characterizations were 
performed to examine the mechanism of cytotoxicity induction in 
Section 3.2.7 and 3.2.8. 
 
3.2.6. Transfection efficiency in vitro 
Transfection experiments were performed by measuring 
transgene expression of luciferase reporter gene in HeLa cells. 
PEI25k (weight ratio=1) and PPI G1 (weight ratio=60) polyplexes 
which were prepared at their optimal conditions were used as 
controls. The transfection efficiency of P4C5 and P4C9 was only 






















Figure 11. Transfection experiment result of PPI-CBAs on HeLa 
cells in serum-free condition (A) and serum condition (B). 
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cytotoxicity at high concentrations. In the absence of serum (Figure 
11A), the transfection efficiency of PPI-CBAs was low in 
comparison with that of PEI25k but about 7-245 times higher at 
their optimized weight ratios than that of PPI G1. PPI-CBAs 
showed the increasing transfection efficiency with the increase of 
CBA portion in the polymers.  
However, the transfection efficiency of PEI25k in serum condition 
was significantly (1/74 times) decreased in comparison with the 
result of serum-free condition. On the contrary, the transfection 
efficiency of PPI-CBAs was less decreased or even increased in 
comparison with the result in serum-free condition (Figure 11B). 
P4C9 even showed about 9 times higher transfection efficiency at a 
weight ratio of 10 than PEI25k in serum condition. It meant that 
PPI-CBAs showed a good potential for gene delivery systems in 
serum condition. Also, the transfection efficiency of PPI-CBAs was 
increased with the increase of CBA portion in the polymers, which 
is consistent with the result of experiment performed under the 
serum-free condition.  
These results demonstrated that high transfection efficiency of 
polymeric gene carriers could be obtained by crosslinking of unit 
molecules with low molecular weights and that the transfection 
efficiency of PPI-CBAs was closely related with their 
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physiochemical properties such as molecular weight or crosslinking 
degree. In the case of P4C5 which showed the highest efficiency 
among PPI-CBAs, the molecular weight (22.8 kDa) was similar 
with PEI25k. In addition, charge density was much higher than 
PEI25k; 85.6 and 44, respectively. The structure also different; 
crosslinked versus branched structure. When considering the 
reports about the efficiency comparison of linear PEI and branched 
PEI [146] or the gene delivery study of fractured dendrimers [147] 
to find out what made the difference, it became complicated. In the 
case of branched PEI and linear PEI, branched PEI25k showed 
lower efficiency than linear PEI 22k although the reason was not 
specified. It meant that the degree of branch was not the absolute 
criterion of better gene delivery efficiency. In addition, it was 
reported that fractured dendrimer showed higher efficiency than 
intact dendrimer due to increased flexibility of polymer structure. It 
indicated that not always higher molecular weight polymer showed 
higher gene delivery efficiency. These reports indicated that the 
criteria about gene delivery efficiency were not always applied. In 
this study, P4C9 with higher molecular weight than PEI25k also 
showed lower gene delivery efficiency probably due to high 
cytotoxicity. When thinking about these results, it was hard to 
figure out the parameter making difference. Although it would need 
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further investigation, it can be thought that the enhanced flexibility 
of polymer derived from the polymerization improved efficiency of 
gene delivery. 
 
3.2.7. Measurement of intracellular GSH level 
Intracellular GSH levels were measured after treatment of PPI-
CBAs in order to examine the effect of the polymers to the GSH 
levels. Several works investigating the effect of GSH depletion onto 
polyplex degradation and transfection efficiency reported that 
intracellular degradation of bioreducible polymers by intracellular 
GSH is an important factor for efficient transfection [145,148]. As 
shown in Figure 12, intracellular GSH levels were decreased with 
the increase of PPI-CBAs concentration. The GSH levels of PPI-
CBAs treated cells were decreased to 40-60% values of untreated 
cells at 50 ㎍/mL of concentration. P4C2 possessing the lowest 
CBA portion displayed lesser decrease of GSH levels based on the 
concentration than other PPI-CBAs (P4C3, P4C5, and P4C9) which 
showed the similar decrease patterns with each other.  
In the case of poly(CBA-DAB) polyplex, it was found that it 
consumed negligible amount of GSH unlike PPI-CBAs. In addition, 
in the case of 50 ㎍/mL of P4C2 treated group, the concentration of 





















Figure 12. Measurement of intracellular GSH level after treatment 
of free polymers (A) and polyplexes (B). Intracellular GSH levels 
of samples are presented in terms of relative fluorescence intensity 
(RFI) to a value of untreated cells.
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number of disulfide bonds existing in P4C2.  
When considering PicoGreen assay, the ratio between reducing 
agents and disulfide bonds in GSH and ROS measurement (about 
415-fold at maximum ratio) was not higher than the ratio in 
PicoGreen assay. Taken together with PicoGreen assay result and 
degradation profile measured by GPC, it can be postulated that 
cleavage of disulfide bonds formed by the re-crosslinks between 
thiols of degraded PPI-CBA fragments in cytoplasm may induce 
further consumption of GSH finally leading to the decrease of 
intracellular GSH level although regeneration of GSH and other 
reducing systems in cell should be considered. 
 
3.2.8. Measurement of intracellular ROS level 
Intracellular ROS levels were also measured after treatment of 
PPI-CBAs in order to examine the effect of the polymers to the 
ROS levels. Reactive oxygen species (ROS) are normal products of 
cellular metabolism which have important roles in cell signaling and 
homeostasis [151], but excessive ROS can damage cellular proteins, 
lipids, and DNA, leading to the decrease of cell viability making high 
oxidative stress condition [152,153]. The intracellular ROS levels 
are known to be controlled by variety of enzymes including 




















Figure 13. Measurement of intracellular ROS level after treatment 
of free polymers (A) and polyplexes (B). Intracellular ROS levels of 
samples were presented in terms of relative fluorescence intensity 
(RFI) to a value of untreated cells.
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such as ascorbic acid or tocopherol [154]. GSH, an antioxidant, is 
also known to prevent the damages caused by ROS such as free 
radicals or peroxides [155,156]. Therefore, the effect of 
intracellular GSH level change induced by bioreducible PPI-CBAs 
to intracellular ROS level was examined to reveal the reason for 
unexpected cytotoxicity of PPI-CBAs. As controls, PPI G1 and 
linear bioreducible polymer, poly(CBA-DAB) were also used.  
In Figure 13, it was observed that the increasing concentration of 
PPI G1 and poly(CBA-DAB) did not change the intracellular ROS 
level, which means that PPI, repeating unit of PPI-CBAs and linear 
bioreducible polymer does not affect the intracellular ROS level. No 
cytotoxicity of PPI G1 and poly(CBA-DAB) was identified in this 
work and the previous report, respectively [139]. However, the 
intracellular ROS levels were broadly increased with the increase of 
treated PPI-CBAs concentration. The ROS levels at 50 ㎍/mL of 
the polymer concentration (P4C3, P4C5, and P4C9) were increased 
to be even about three times higher than ROS level of untreated 
cells except P4C2 result. Relatively less increased ROS level of 
P4C2-treated cells may be related with less decrease of 
intracellular GSH level derived from P4C2 treatment. A rough 
correlation between the ROS levels and CBA portion in PPI-CBAs 
was observed in this result. This result suggested a possibility in 
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which the cytotoxicity of PPI-CBAs might be induced by the 
increase of ROS levels accompanied by decrease of GSH levels in 
cells and demonstrates that the cytotoxicity of bioreducible 
polymers may be closely related with the polymer structures. 
Scheme 3 shows the schematic diagram for intracellular degradation 
behaviors of PPI-CBAs. 
The reason for difference of cytotoxicity between other 
crosslinked bioreducible polymers and PPI-CBAs were not 
revealed now but one possible explanation is that small degraded 
fragments of PPI-CBAs may have higher reactivity to re-
crosslinking than other polymers probably due to small size of PPI 
G1 or short distance between reactive thiols of PPI G1 terminals. 
 
3.3. Summary 
Crosslinked bioreducible polymer, PPI-CBAs were synthesized 
for gene delivery systems. They could form positively charged and 
nano-sized polyplexes with pDNA. Interestingly, PPI-CBA 
polyplexes showed high stability in reducing condition, probably due 
to the re-crosslinking of PPI-CBA fragments. PPI-CBAs showed 
lower transfection efficiency than PEI25k in serum-free condition 
but comparable efficiency with PEI25k in serum condition, which 
means PPI-CBAs possessed good serum-compatibility. However, 
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cytotoxicity of PPI-CBAs was significant and increased with 
concentration and crosslinking degree. Decreased intracellular GSH 
and increased ROS levels with increase of the crosslinking degree 
suggest that GSH consumption probably due to re-crosslinking of 
degraded PPI-CBAs in cytosol may induce the increase of 
intracellular cytotoxic ROS. Therefore, unlike linear bioreducible 
polymers, crosslinked bioreducible polymer, PPI-CBAs show 
unique degradation and intracellular behaviors based on their 
crosslinked structures. This study would provide a deeper insight 










Scheme 3. Schematic diagram for the reductive degradation 





Chapter 4. Fluoroalkylated Arginine-
functionalized Bioreducible Polymer for Gene 
Delivery 
 
4.1. Materials and Methods 
4.1.1. Materials 
N-butoxycarbonyl-1,6-hexanediamine (N-Boc-DAH), 
cystamine bisacrylamide (CBA), trifluoroacetic acid (TFA), 
triisopropylsilane (TIS), N,N-diisopropylethylamine (DIPEA), 
agarose, ethidium bromide, genistein (Geni), gel loading solution, 
sodium acetate, polyethylenimine (PEI25k, 25 kDa), 3-(4,5-
dimethrylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), 
and 4’,6-diamidino-2-phenylindole dihydrochloride (DAPI) were 
purchased from Sigma-Aldrich (USA). Fmoc-Arg(Pbf)-OH was 
obtained from AnaSpec (USA). Methyl heptafluorobutyrate (MHFB) 
and methyl butyrate (MB) was obtained from Alfa Aesar (USA). 
Cytochalasin D (Cyto D) was purchased from Tocris (UK). 
Chlorpromazine (Chlor) was bought from TCI (Tokyo Chemical 




hexafluorophosphate (HBTU), heparin sodium salt (from porcine 
intestinal mucosa, ≥150 IU/mg), nocodazole (Noco), and methanol 
was purchased from Merck (Germany). HPLC grade water was 
purchased from Duksan (Korea). DL-dithiothreitol (DTT) was 
purchased from Biosesang (Korea). pDNA (pCN-Luci and gWIZ-
GFP) was amplified by using Escherichia coli DH5α and obtained 
by using Nucleobond Xtra Midi kit (Macherey-Nagel, Germany). 
Dulbecco ’ s Modified Eagles ’  Medium (DMEM), Dulbecco ’ s 
phosphate buffered saline (DPBS), fetal bovine serum (FBS), 
penicillin-streptomycin (P/S), trypsin-EDTA (0.25%), Quant-iT™ 
PicoGreen® kit, and YOYO-1 iodide (1 mM solution in DMSO) were 
purchased from Invitrogen-Gibco (USA). Luciferase assay system 
and reporter lysis buffer were purchased from Promega (USA). 
BCA™ protein assay kit was purchased from PIERCE (USA). All 
other chemicals were purchased and used without further 
purification. 
 
4.1.2. Synthesis of PCH 
In advance of FR-PCH (heptafluorobutyrated arginine 
functionalized poly(cystamine bisacrylamide-diaminohexane))  
synthesis, PCH (poly(cystamine bisacrylamide-
diaminohexane))and R-PCH (arginine functionalized 
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poly(cystamine bisacrylamide-diaminohexane))were synthesized 
through Michael addition reaction. First, one gram of CBA and 
equivalent amount of N-Boc-DAH were dissolved and reacted in 4 
mL of methanol/water solution (9:1, v/v). The reaction temperature 
was 60 ℃. After 5 days of reaction under N2 atmosphere in the 
dark, 10% mole of N-Boc-DAH were added to quench residual 
acrylamide of CBA. After 2 days of reaction, PCH with Boc was 
precipitated with diethyl ether. The centrifugation condition was 
4000 rpm, 10 min at 4 ℃. By using vacuum chamber, residual 
diethyl ether was dried overnight. To detach primary amine 
protection group Boc, the product was dissolved and incubated in 
Boc deprotection solution (TFA:TIS:dH2O = 95:2.5:2.5, v:v:v) for 
30 min on ice bath. Then, the product solutions purified by two 
times of diethyl ether precipitation and 48 h of dialysis against 
ultra-pure water using dialysis membranes (MWCO = 2,000). The 
product, PCH, was obtained after lyophilization. 
 
4.1.3. Synthesis of FR-PCH and HR-PCH 
R-PCH was synthesized by conjugating Fmoc-Arg(Pbf)-OH to 
primary amine of PCH. To conjugate, HBTU and DIPEA were 
additionally mixed in DMF. The reaction was performed under N2 
atmosphere at room temperature. After 2 days, Fmoc deprotection 
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was proceeded to prepare further modification. 20% piperidine (in 
DMF) was used for deprotection solution. The deprotection reaction 
was performed at room temperature for 30 min. Then, it was 
precipitated with diethyl ether twice. The centrifugation condition 
was 4000 rpm, 10 min at 4 ℃. To remove residual ether, vacuum 
chamber was used. 
As a result of Fmoc deprotection, primary amine of conjugated 
arginine was exposed to synthesize FR-PCH and HR-PCH 
(butyrated arginine functionalized poly(cystamine bisacrylamide-
diaminohexane)). MHFB with a series of molar ratio was used to 
synthesize FR-PCH, and MB was used to make HR-PCH as a 
control. To synthesize FR-PCH and HR-PCH, R-PCH with Pbf and 
MHFB (or MB) were dissolved in DMF. The reaction was 
proceeded at room temperature for 24 h. After the reaction, diethyl 
ether precipitation was carried out. Then, Pbf was removed. 
Vacuum dried pellets were dissolved in deprotection solution 
(TFA:TIS:dH2O = 95:2.5:2.5, v:v:v). After 30 min deprotection at 
room temperature, ether precipitation was carried out twice for 
purification. The precipitates were dried in vacuum chamber 
overnight. To obtain purified products (FR-PCH and HR-PCH), 
dialysis (MWCO: 2,000) against distilled water and subsequent 




4.1.4. Characterization of the polymers 
The synthesis of the polymers was confirmed by 1H NMR (600 
MHz, AVANCE 600, Brucker, Germany). The molecular weight of 
PCH was measured by gel permeation chromatography (GPC) (YL-
9100, Young Lin Instrument, Korea). The samples were dissolved 
at a concentration of 10 mg/mL. The assay was run on 
Ultrahydrogel™ Linear column (Waters, USA) with 1% formic acid 
as an eluent at 0.6 mL/min of flow rate. Poly(ethylene glycol)s with 
various molecular weights were used as standards for analysis. 
 
4.1.5. Agarose gel electrophoresis 
pDNA condensing ability of the polymers was examined by 
agarose gel electrophoresis. The polyplexes were prepared in 
HEPES buffer (pH 7.4) at various weight ratios ranging from 0.5 to 
10. Agarose gel (0.7% w/v) containing ethidium bromide solution 
(0.5 ㎍/mL) was prepared in TAE (Tris-Acetate-EDTA) buffer. 
After 30 min of incubation at room temperature, the samples were 
electrophoresed at 100 V for 12 min. The polyplexes were also 
incubated in the presence of 5 mM DTT for 30 min at 37 ℃ and 
electrophoresed in order to examine the behavior of the polyplexes 
in reducing condition. The pDNA bands were visualized with UV 
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illuminator (GelDoc XR+ gel documentation system, Bio-Rad, USA). 
 
4.1.6. Agarose gel electrophoresis with heparin 
To examine binding affinity of polymers to pDNA, polyplexes 
were incubated in the presence of heparin. The detail of experiment 
was almost same with agarose gel electrophoresis in the presence 
of DTT as mentioned above (section 4.1.5). The only difference 
was the incubation of heparin instead of incubation of DTT. After 
formation of polyplexes, the polyplexes were incubated for 30min 
with various concentration of heparin (0 – 1000 ㎍/mL). All 
polyplexes used in this experiment was prepared at a weight ratio 
of 10 except for PEI25k; PEI25k was prepared at a weight ratio of 
1.  
 
4.1.7. Average size and Zeta-potential value measurement of the 
polyplexes 
The average size and Zeta-potential values of the polyplexes 
were measured by using Zeta-sizer Nano ZS (Malvern Instruments, 
UK) with He-Ne laser beam (633 nm) at 25 ℃. 0.5 mL of polyplex 
solutions (0.5 ㎍ pDNA) were prepared in ultra-pure water at 
various weight ratios ranging from 0.5 to 20. After 30 min of 
incubation, the solutions were diluted to final volume of 1 mL. The 
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measurements were performed 3 times. 
 
4.1.8. PicoGreen assay 
PicoGreen assay was performed to examine the degradation 
behavior of polyplexes quantitatively by detecting the dissociated 
pDNA from the polyplex in reducing condition. After formation of 
polyplex in TE buffer at weight ratio of 10, each polyplex was 
incubated in 5 mM DTT solution for pre-determined time; 0, 0.5, 1, 
1.5, 2, 3, 4 h, respectively. Then, PicoGreen reagent dissolved in 
TE buffer was added to the polyplex solution and incubated for 4 
min. Fluorescence was measured with an excitation wavelength of 
480 nm and emission wavelength of 520 nm using a microplate 
reader (Synergy H1, BioTek, USA). Results were presented as a 
relative fluorescence intensity (RFI, percentage values relative to 
value of pDNA only). All experiments were performed in triplicate. 
 
4.1.9. Cytotoxicity of polymers 
The cytotoxicity of the polymers was estimated by MTT assay. 
A549 (adenocarcinomic human alveolar basal epithelial cell line), 
HeLa, and C2C12 (immortalized mouse myoblast cell line) were 
maintained in DMEM supplemented with 10% FBS and 1% P/S in 
humidified atmosphere containing 5% CO2 at 37 ℃. Then, the cells 
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were seeded on a 96-well cell culture plate at a density of 1 x 104 
cells/well in 100 μL of DMEM containing 10% FBS and 1% P/S. As 
the cells achieved 70-80% confluency after 24 h of incubation, the 
cells were treated with polymer solutions (serum-free DMEM) 
with various concentrations for 4 h. PEI25k was used as control. 
Then, the media were exchanged with fresh DMEM containing 10% 
FBS. After 24 h of incubation, 25 μL of MTT solution (2 mg/mL in 
DPBS) was added to each well and further incubated for 2 h. The 
media were carefully removed and 150 μL of DMSO was added to 
each well to dissolve formazan crystal formed by proliferating cells. 
The absorbance was measured at 570 nm by using a microplate 
reader. Results were presented as relative cell viability (RCV, 
percentage values relative to value of untreated control cells). All 
experiments were performed in quadruplicate. 
 
4.1.10. Lactate dehydrogenase (LDH) assay 
A549, HeLa, and C2C12 cells were seeded on a 96-well culture 
plate at a density of 0.4 x 104 cells/well. After achieving 70-80% 
confluency, the cells were treated with polymer solutions with a 
series of concentration for 4 h. Then, the media (100 μL) was 
collected and LDH assay was performed by using LDH Cytotoxicity 
Detection Kit (Takara Biochemicals, Japan). Measured LDH level 
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was normalized in terms of percentage to the value of positive 
control (0.1% Triton-X 100). The assay was performed in 
triplicate. 
 
4.1.11. Transfection experiments in vitro  
A549, HeLa, and C2C12 cells were seeded on a 24-well cell 
culture plate at a density of 5 x 104 cells/well and grown until they 
achieved 70-80% confluency. Before transfection, medium of each 
well was exchanged with fresh DMEM for the assay in serum-free 
condition or with DMEM (10% FBS) for the assay in serum 
condition, respectively. The cells were then exposed to polyplex 
solutions (0.5 ㎍ pDNA) with various weight ratios for 4 h. pDNA 
only and PEI25k polyplex (weight ratio = 1) were used as controls. 
After exchange with fresh medium containing 10% FBS, the cells 
were further incubated for 2 days. Then, each medium was 
aspirated, and the cells were rinsed with DPBS and shaken for 30 
min at room temperature with 120 μL of Reporter Lysis Buffer. 
Luciferase activities of cell lysates (20 μL) were measured by 
luciferase assay on a microplate reader and the total amounts of 
cellular proteins were examined by using a BCA™ Protein Assay 
Reagent Kit. The normalized results were presented in terms of 
relative light unit (RLU)/mg cellular protein. All experiments were 
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performed in triplicate. 
 
4.1.12. Observation of GFP (green fluorescence protein) expression 
A549, HeLa, and C2C12 cells were seeded on a 6-well culture 
plate at a density of 2 x 105 cells/well. After achievement of 70-
80% confluency, the polyplexes containing gWIZ-GFP pDNA (1 μ
g pDNA, optimal ratio) were treated for 4 h. The treatments were 
conducted under serum-free or serum condition, respectively. 
PEI25k polyplex (weight ratio = 1) was used as a control. The GFP 
expression was examined by fluorescence microscope CELENA S 
digital imaging system (Logos biosystems, Inc., Korea). The 
optimal weight ratios of polyplexes were different as follows: PCH 
(weight ratio 80), R-PCH (weight ratio 40), FR-PCHs (weight 
ratio 10), and HR-PCH30 (weight ratio 10), respectively. 
 
4.1.13. Cellular uptake of polyplexes 
Cells (A549, HeLa, and C2C12) were seeded on a 6-well cell 
culture plate at a density of 3 x 105 cells/well. After they achieved 
70-80% confluency, media were exchanged for fresh serum-free 
DMEM. pDNA labeled with YOYO-1 iodide (1 dye molecule per 50 
base pairs of nucleotides) was prepared. The cells were treated 
with polyplex solutions (1 μg pDNA) at optimal ratio for 4 h. Then, 
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the media were removed, and the wells were rinsed with ice-cold 
DPBS twice. After 2 min of trypsinization, the detached cells were 
re-suspended in DPBS. The cellular uptake of fluorescence-
labeled polyplexes was examined by using BD Accuri C6 flow 
cytometer at a minimum of 1 x 104 cells gated per sample. The 
analysis was performed by using BD Accuri C6 software. The 
optimal weight ratios of polyplexes were different as follows: PCH 
(weight ratio 80), R-PCH (weight ratio 40), FR-PCHs (weight 
ratio 10), and HR-PCH30 (weight ratio 10), respectively. 
 
4.1.14. Polyplex stability test 
To investigate stability of polyplexes in different solutions (dH2O 
and 10% FBS), particle size change along with time was measured. 
The experimental methodology was similar to DLS experiment 
described above (section 4.1.7). PEI25k (WR1) was used as control. 
The polyplexes were prepared at their optimal ratios. Then, particle 
size was measured with Zeta-sizer at pre-determined time; 0, 3, 6, 
12, 24 h. The optimal weight ratios of polyplexes were different as 
follows: R-PCH (weight ratio 40), FR-PCH30 (weight ratio 10), 
and HR-PCH30 (weight ratio 10), respectively. 
 
4.1.15. Serum resistance test 
 
 ９８
A549, HeLa, and C2C12 cells were seeded on a 24-well cell 
culture plate at a density of 5 x 104 cells/well and grown until they 
achieved 70-80% confluency. Before transfection, medium of each 
well was exchanged with fresh DMEM containing various FBS 
concentrations; 0, 10, 30, 50%, respectively. The cells were then 
exposed to polyplex solutions (0.5 ㎍ pDNA) at their optimal 
weight ratios for 4 h. The optimal weight ratios of polyplexes were 
different as follows: R-PCH (weight ratio 40), FR-PCH30 (weight 
ratio 10), and HR-PCH30 (weight ratio 10), respectively. PEI25k 
polyplex (weight ratio = 1) was used as control. After exchange 
with fresh medium containing 10% FBS, the cells were further 
incubated for 2 days. Then, each medium was aspirated, and the 
cells were rinsed with DPBS and shaken for 30 min at room 
temperature with 120 μL of Reporter Lysis Buffer. Luciferase 
activities of cell lysates (20 μL) were measured by luciferase 
assay on a microplate reader and the total amounts of cellular 
proteins were examined by using a BCA™ Protein Assay Reagent 
Kit. The normalized results were presented in terms of relative 
light unit (RLU)/mg cellular protein. All experiments were 
performed in triplicate. 
 
4.1.16. Cellular Uptake Mechanism Analysis 
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Cells (A549, HeLa, and C2C12) were seeded on a 6-well cell 
culture plate at a density of 3 x 105 cells/well. After they achieved 
70-80% confluency, media were exchanged for fresh serum-free 
DMEM containing cellular uptake inhibitors were treated for 30 min; 
Cyto D (macropinocytosis inhibitor, 10 μg/mL), Geni (caveolae-
mediated endocytosis inhibitor, 200 μM), Noco (microtubule-
mediated endocytosis inhibitor, 33 μM), or Chlor (clathrin-
mediated endocytosis inhibitor, 10 μM). pDNA labeled with 
YOYO-1 iodide (1 dye molecule per 50 base pairs of nucleotides) 
was prepared. The cells were treated with FR-PCH30 polyplex 
solutions (1 μg pDNA) at optimal ratio of 10 for 4 h. Then, the 
media were removed, and the wells were rinsed with ice-cold 
DPBS twice. After 2 min of trypsinization, the detached cells were 
re-suspended in DPBS. The cellular uptake of fluorescence-
labeled polyplexes was examined by using BD Accuri C6 flow 
cytometer at a minimum of 1 x 104 cells gated per sample. The 
analysis was performed by using BD Accuri C6 software. 
Cellular uptake behavior was also investigated by conducting TRF 
assay. Cells were seeded on a 24-well culture plate at a density of 
5 x 104 cells/well. After achieving 70-80% of confluency, pre-
treatment was performed for 30 min with the media containing the 
inhibitors; Cyto D, Geni, Noco, Chlor. When the pre-treatment was 
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completed, polyplexes were treated for 4 h in serum-free DMEM. 
R-PCH was used at a weight ratio of 40, and FR-PCH30 was used 
at a weight ratio of 10. After media exchange with serum-
containing fresh DMEM, the cells were further incubated for 2 days. 
Further transfection assay was performed by identical method to 
above procedure. 
 
4.1.17. Confocal laser scanning microscope (CLSM) observation 
Intracellular behavior of treated polyplexes was observed by 
confocal laser scanning microscope (SP8 X, Leica, Germany). The 
optimal weight ratios of polyplexes were different as follows: PCH 
(weight ratio 80), R-PCH (weight ratio 40), FR-PCH30 (weight 
ratio 10), and HR-PCH30 (weight ratio 10), respectively. PEI25k 
(weight ratio = 1) was used as control. Cells were seeded on 
confocal dish at a density of 3 x 105 cells/dish. After they achieved 
70-80% confluency, polyplexes prepared at their optimal weight 
ratio were treated for 4 h. YOYO-1 iodide labeled pDNA was used 
for the experiment. Then, LysoTracker RED DND-99 and DAPI 
was used for dyeing organelles. The images were processed 
















Figure 14. 1H NMR spectra of the synthesized polymers. (A) PCH, 
(B) R-PCH, (C) FR-PCHs, (D) HR-PCH. (E) is numbered 
structure of FR-PCH. 
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4.2. Results and discussion 
4.2.1. Synthesis and Characterization of polymers 
To synthesize PCH, CBA and N-Boc-DAH were reacted through 
Michael addition reaction. After arginine grafting (R-PCH), MHFB 
and MB were reacted to R-PCH to prepare FR-PCH and HR-PCH, 
respectively. A series of feed ratios (R-PCH:MHFB = 1:0.1, 1:0.5, 
and 1:0.75) were set to compare their characteristics, and HR-PCH 
(R-PCH:MB = 1:0.75) was made as control for FR-PCH. 
Fluorination with the higher feed ratios also have been performed, 
but the experiments did not produce FR-PCHs with higher degree 
of modification. It was thought that instability of the reagents and 
emerging steric hindrance along with the progress of synthesis 
prevented MHFB and MB from reacting with primary amine of 
arginine. The synthesis scheme displaying expected polymer 
structure is presented in Scheme 4. The synthesis of the polymers 
was confirmed by 1H NMR (Figure 14) as follows. 
1H NMR of PCH(D2O): δ DAH (-NH2CH2CH2CH2CH2CH2CNH2) = 
1.40, δ DAH (-NH2CH2CH2CH2CH2CH2CNH2) = 1.61-1.66, δ 
DAH (-NH2CH2CH2CH2CH2CH2CNH2) = 3.12, δ DAH (-
NH2CH2CH2CH2CH2CH2CNH2) = 3.37, δ CBA (-
NCH2CH2CONHCH2CH2SS-) = 2.77, δ CBA (-
CH2CH2SSCH2CH2-) = 2.83, δ CBA (-
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NCH2CH2CONHCH2CH2SS-) = 3.52 
1H NMR of R-PCH, FR-PCH, HR-PCH(D2O): δ Arginine (-
COCH(NH2)CH2CH2CH2NHC(NH)CNH2) = 1.82, δ Arginine (-
COCH(NH2)CH2CH2CH2NHC(NH)CNH2) = 3.22, δ Arginine (-
COCH(NH2)CH2CH2CH2NHC(NH)CNH2) = 3.77 
In the case of PCH, experimental ratios of polymer composition 
between CBA and DAH were calculated by comparing the integrals 
of specific protons from DAH (-NH2CH2CH2CH2CH2CH2CNH2) and 
CBA (-NCH2CH2CONHCH2CH2SS-). To confirm arginine grafting, 
the integrals of protons from arginine (-
COCH(NH2)CH2CH2CH2NHC(NH)CNH2) and CBA (-
NCH2CH2CONHCH2CH2SS-) were used for calculation. The grafting 
of arginine was found that almost 100% of primary amines were 
conjugated with arginine. In the case of fluorination and alkylation, 
as they conjugated to R-PCH, the integral of proton derived from 
arginine (-COCH(NH2)CH2CH2CH2NHC(NH)CNH2) was diminished. 
Therefore, the diminished integral was calculated by comparing the 
integral of R-PCH, FR-PCH, and HR-PCH. The conjugation result 
was confirmed as 29.4, 35.3, 44.4, and 28.7, respectively. Table 3 
shows the chemical properties of the polymers synthesized. FR-
PCH and HR-PCH were named after the modification degree; FR-


















PCH - - 7.9 
R-PCH - - 11.6 
FR-PCH30 1:0.1 29.4 12.9 
FR-PCH35 1:0.5 35.3 13.2 
FR-PCH45 1:0.75 44.4 13.6 
HR-PCH30 1:0.75 28.7 12.2 
 
a) Degree of modification means that the modification degrees of 






The fluorination degree was increased along with the increase of 
MHFB amount added; however, it was not well correlated with feed 
ratio. The discordance between feed ratio and composition ratio 
was thought that it would be derived from the low stability of MHFB 
and MB during the reaction and steric hindrance. In previous report, 
HFBA was used as fluorination reagent to make fluorinated PEI2k 
[158]. In that study, fluorination degree was also not regular along 
with the feed ratio. It was thought that instability of anhydride form 
fluorination reagent affected the modification degree, so more 
stable form of reagent was chosen; it was more controllable than 
HFBA. Emerging steric hindrance along with reaction progress also 
would be a significant factor. 
Molecular weight of PCH was measured by GPC. The result of 
other samples was irregular and uncertain. It was thought that 
grafted moieties such as arginine, MHFB, and MB interfered 
accurate measurement; they might interact with column used for 
GPC excessively. In addition, there are several differences between 
PEG standards used in GPC and the polymers such as charge and 
side chains. GPC only measures relative molecular weight of 
polymer by comparing calibration curve derived from standards. As 
a result, molecular weight of polymers was calculated based on 1H 




Figure 15. Agarose gel electrophoresis in the absence of DTT (A-
F) and in the presence of DTT (5 mM) (G-H). (A) and (G): PCH, 
(B) and (H): R-PCH, (C) and (I): FR-PCH30, (D) and (J): FR-
PCH35, (E) and (K): FR-PCH45, (F) and (L): HR-PCH30. 









Figure 16. PicoGreen assay result. All polyplexes were prepared at 
a weight ratio of 10 except PEI25k which was prepared at weight 
ratio 1. Results were presented as a relative fluorescence intensity 





Figure 17. Agarose gel electrophoresis results in the presence of 
various concentration of heparin. (A): PEI25k, (B): PCH, (C): R-
PCH, (D): FR-PCH30, (E): FR-PCH35, (F): FR-PCH45, (G): HR-
PCH30. All polyplexes were prepared at a weight ratio of 10. 




4.2.2. Characterization of polyplexes 
To estimate polyplex forming ability and confirm the behaviors in  
reducing environment, agarose gel electrophoresis was conducted. 
As shown in Figure 15, all polymers except FR-PCH35 can retard 
pDNA at weight ratio of 1. In the case of FR-PCH35, it retarded 
pDNA at weight ratio of 2. It was thought that primary amine 
consumption due to fluorination undermined polyplex forming ability. 
In the meanwhile, in the case of FR-PCH45, it recovered 
polyplex forming ability. It was thought that conjugated fluoroalkyl 
chain compensated the function of consumed primary amines. When 
it comes to agarose gel electrophoresis in reducing condition, all 
polymers except FR-PCH45 released their cargo successfully. It 
was thought that hydrophobic interaction of fluoroalkyl chains were 
still retarded pDNA even in the presence of reductant. 
PicoGreen assay was used to confirm degradation behavior of 
polyplexes in reducing condition (Figure 16). From the result, there 
was apparent difference of degradation behavior. FR-PCHs and 
HR-PCH did not emit high level of fluorescence. It means that they 
still bound pDNA repelling dyes. It can be thought that they can 
maintain aggregated form by exploiting the hydrophobic interaction 
of fluoroalkyl and alkyl chains. 
For further examination on DNA affinity of the polymers, agarose 
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gel electrophoresis in the presence of heparin was conducted; all 
polyplexes except PEI25k (WR`1) were prepared at a weight ratio 
of 10 (Figure 17). In this experiment, heparin which is negative 
charge-containing polysaccharide was used as competitor of pDNA. 
PEI25k could not retard pDNA in all concentration range. It just 
partially retarded at a heparin concentration of 100 ㎍/mL 
displaying blurred band of pDNA. While PCH started to release 
pDNA at a concentration of 300 ㎍/mL, R-PCH released pDNA at a 
concentration of 400 ㎍/mL; DNA retardation ability was improved. 
It was thought that arginine affected the improvement. Even though 
the molecular weight was increased due to arginine conjugation 
(from 7946 to 11621 Da), it was thought that introduction of 
guanidine group in addition to the presence of primary amine on 
arginine compensated the effect of molecular weight difference; NP 
(the ratio of nitrogen in polymer to phosphate in nucleic acid) ratio 
was increased from 35.41 (PCH) to 50.05 (R-PCH). In terms of 
charge density and molecular weight (NP ratio), the early release of 
pDNA in FR-PCH30 and FR-PCH35 can be explained. Due to the 
fluorination, primary amines of arginine were consumed, and the 
molecular weight was increased. Both factors decreased NP ratio of 
the polymers resulting earlier release of pDNA than R-PCH; NP 




However, in the case of FR-PCH45, the decrease of NP ratio 
(42.67 at a weight ratio of 10) was compensated due to plenty of 
fluoroalkyl chain; it was thought that there was enough amount of 
fluoroalkyl chain for further retardation. As a result, the retardation 
ability FR-PCH45 was enhanced. In the case of HR-PCH30, it 
showed superior binding affinity to FR-PCH30. It was thought that 
two factors were related. One is NP ratio. The other is bulkiness of 
fluoroalkyl chain. NP ratio of FR-PCH30 is 44.93, and that of HR-
PCH30 is 48.01. It means that HR-PCH30 has more nitrogen used 
for DNA binding. In the meanwhile, fluorine has slightly larger 
atomic diameter than hydrogen; 147 pm and 120 pm, respectively 
[159]. MHFB and MB have same number of carbons; the only 
difference is fluorine and carbon. Due to the larger size of fluorine, 
fluoroalkyl chain is usually bulkier and more rigid than alkyl chain 
[160]. Due to such properties of fluoroalkyl chain, it was thought 
that FR-PCH30 could not form compact polyplexes relative to HR-
PCH30 allowing heparin to interact with the polymers. Summarizing 
these, lower NP ratio and the properties of fluoroalkyl chain made 
FR-PCH30 release pDNA earlier than HR-PCH30. 
Through the result of DLS, particle size and Zeta-potential of 






Figure 18. Average size (A) and Zeta-potential value (B) 
measurement of the polyplexes. 
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although there was minor difference, the trend was very similar. 
Most particle sizes were under 200 nm; it means that the polymers 
formed compact polyplexes. However, the particle size of them 
soared at weight ratio of 0.5. It was thought that combination of low 
Zeta-potential and hydrophobic interaction might drive them to 
aggregate making relatively large polyplex particles. It is also 
noteworthy that FR-PCH30 polyplexes made much larger 
nanoparticle than HR-PCH30; the size of FR-PCH30 was almost 2 
time bigger than that of HR-PCH30 in some range of weight ratio. 
This result confirms that FR-PCH30 made less compact polyplexes 
than HR-PCH30 as discussed above. In the case of Zeta-potential, 
all polymers became positive charge at weight ratio of 1. From the 
result of DLS, it can be concluded that the polymers can form 
positively charged, compact polyplexes. 
 
4.2.3. Cytotoxicity of polymers 
Confirming cytotoxicity and safety of polymer are important part 
in developing gene delivery systems. When the vector was injected 
in body, they must not cause severe side effects. To estimate the 
suitability, MTT assay and LDH assay were used. Both assays were 
conducted with three cell lines (A549, HeLa, C2C12, respectively). 
MTT assay estimates cellular toxicity of polymer by exploiting 
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metabolism taking place in mitochondria [161]. When MTT was 
treated in viable cells, succinic dehydrogenase converts tetrazolium 
salt form of MTT into formazan crystals which are not soluble in 
aqueous solutions. Therefore, amount of formazan crystal indicates 
the cell viability. In all cell lines, MTT assay result of the polymers 
showed gradually increased cytotoxicity along with the increment of 
fluorination degree while the cytotoxicity of PCH and R-PCH 
displayed similar trend and level each other (Figure 19). It was 
noteworthy that FR-PCH30 and HR-PCH30 showed relatively 
minimal cytotoxicity. In contrast, FR-PCH35 and FR-PCH45 
showed similar trend of cytotoxicity regardless of cell line showing 
significant cytotoxicity. 
As mentioned above, it was known that fluorination can modulate 
membrane permeability. In other words, fluorinated polymers could 
interact with cell membrane. Under this background, it can be 
presumed that the increased cytotoxicity can be derived from the 
interaction. Because the molecular weight of all the polymers (FR-
PCHs and HR-PCH) was not so different, the factor affected 
cytotoxicity can be the difference in modification. Especially, the 



























Figure 20. LDH assay result. (A): A549, (B): HeLa, (C): C2C12. 
The LDH values of Triton X-100 were set as 100%. 
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To confirm it, LDH assay was performed. As reported previously, 
more fluorination causes more leakage of LDH [158]. It was 
apparent that FR-PCH35 and 45 showed higher value than FR-
PCH30. As a result, in this experiment, FR-PCH35 and 45 were not 
used. LDH is a cytoplasmic enzyme present in all cells. It catalyzes 
reversible transformation of lactate into pyruvate. When cell 
membrane is intact, it mainly resides in intracellular region; 
however, when cell membrane was damaged, it can be leaked out 
from cytoplasm into extracellular region [162]. As a result, it can 
be used as a marker of cell membrane integrity. As shown in Figure 
20, although the overall shape of graphs was different, the trend of 
increment along with the increase of polymer concentration was 
apparent implying the polymers interact with the membrane. 
Interestingly, HeLa cell line showed extremely high values at all 
polymers; PCH also cause leakage of LDH. It means that cell 
membrane of HeLa is more vulnerable than the others. As expected, 
FR-PCH30 and HR-PCH30 showed higher value than the others 
suggesting the fluorination and alkylation enhances membrane 
permeability.  
Summarizing the results, even though there are many factors 
causing cytotoxicity, it can be thought that enhanced membrane 
permeability as a result of the modification may induce membrane 
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disruption ending up with cytotoxicity. 
 
4.2.4. Transfection efficiency in vitro 
Transfection efficiency is the most important factor of gene 
delivery carriers. Not only safety but also efficacy should be tested. 
Even if the polymer showed good cytotoxicity, if they showed poor 
transfection result, they cannot be candidates of gene carrier. To 
demonstrate the efficiency, luciferase assay and GFP expression 
assay were conducted. Same as cytotoxicity experiments, the 
experiments were progressed in three cell lines with and without 
serum condition.  
As shown in Figure 21, transfection results were displayed. By 
using three cell lines, the polyplexes were treated in the absence or 
presence of 10% FBS. In the case of luciferase assay with C2C12 
cell line, the polyplexes were treated up to a weight ratio of 60 
because of the cytotoxicity. In all experimental case, all polyplexes 
except PCH demonstrated the efficiency, which was comparable or 
superior to PEI25k, a positive control. Comparing the efficiency, 
FR-PCHs were better than R-PCH implicating the effect of 
fluorination; the effect became more apparent in the case of serum 
condition. The diminution of efficiency in serum condition was 
lesser than other polyplexes such as PEI25k, PCH, and R-PCH. 
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The improvement of serum tolerance after fluorination was also 
found in the experiment as previously reported by other 
researchers [124,133,136]. 
When it comes to GFP expression, polyplexes at their optimal 
weight ratio were used (Figure 22-27). In serum condition, GFP 
expression of PEI25k treated cells dramatically diminished 
comparing with the expression in non-serum condition. 
Interestingly, it was found that GFP expression of R-PCH was 
higher that of FR-PCH30 and HR-PCH30; however, when it 
considers the result of luciferase assay, it was feasible result. In 
addition, C2C12 exhibited the highest level of GFP among three cell 
lines. Overall, the result came out GFP expression assay was 
consistent with the result of luciferase assay. 
From these results, it was found that fluorination had apparent 
effect on gene delivery efficiency even though in the presence of 
serum suggesting enhancement of serum tolerance. 
 
4.2.5. Cellular uptake and serum tolerance 
In previous section, it was found that fluorination can improve 
transfection efficiency. This section will analyze the factors 
affecting transfection efficiency by a series of experiments. 




Figure 21. Transfection experiment result in the presence or 
absence of serum. (A) and (D): A549, (B) and (E): HeLa, (C) and 












Figure 22. GFP expression result on A549 in the absence of serum. 
(A): Cell, (B): PEI25k WR1, (C): PCH WR80, (D): R-PCH WR40, 











Figure 23. GFP expression result on A549 in the presence of serum. 
(A): Cell, (B): PEI25k WR1, (C): PCH WR80, (D): R-PCH WR40, 











Figure 24. GFP expression result on HeLa in the absence of serum. 
(A): Cell, (B): PEI25k WR1, (C): PCH WR80, (D): R-PCH WR40, 











Figure 25. GFP expression result on HeLa in the presence of serum. 
(A): Cell, (B): PEI25k WR1, (C): PCH WR80, (D): R-PCH WR40, 











Figure 26. GFP expression result on C2C12 in the absence of serum. 
(A): Cell, (B): PEI25k WR1, (C): PCH WR80, (D): R-PCH WR40, 











Figure 27. GFP expression result on C2C12 in the presence of 
serum. (A): Cell, (B): PEI25k WR1, (C): PCH WR80, (D): R-PCH 




membrane permeability. Therefore, cellular uptake efficiency was 
estimated by using YOYO-1 iodide labeled pDNA. As shown in 
Table 4, cellular uptake percentages are summarized and Figure 
28-33 display histograms of each sample. 
It was noteworthy that cellular uptake of FR-PCHs was usually 
higher than other samples. It can be thought that fluorination 
improved cellular uptake although the trend was not consistent 
among cell lines. However, by comparing with serum and without 
serum condition, it was reconfirmed that serum tolerance could be 
conferred through fluorinating polymers because the cellular uptake 
decrement between two condition was relatively smaller than other 
samples. In the meanwhile, interestingly, PEI25k in all cell lines and 
other polymers in several cases showed increased cellular uptake 
than in the presence of serum. The reason was not clear. It could be 
the error occurred during measurement; however, it also could be 
the result of interaction with the serum components such as albumin. 
There are studies using human serum albumin as a component of 
gene carrier. One of the studies dealt with ternary complex of PEI, 
pDNA, and human serum albumin. By incorporating human serum 
albumin, the transfection efficiency was improved [163]. In another 








Table 4. Summarized results of flow cytometry. Numbers mean 
percentage of YOYO-1 iodide-containing cells in gated cells. 













1.4 20.8 10.4 15.3 23.1 21.5 16.0 
A549 
w S 
10.9 4.2 5.3 19.2 25.6 17.9 20.3 
HeLa 
wo S 
6.7 44.8 46.1 85.6 77.4 73.2 71.9 
HeLa 
w S 
10.8 27.9 50.6 60.1 59.1 65.8 66.1 
C2C12 
wo S 
1.7 28.0 29.0 27.4 31.8 36.1 32.2 
C2C12 
w S 
















Figure 28. The cellular uptake histograms on A549 in the absence 
of serum. (A): Cell, (B): PEI25k WR1, (C): PCH WR80, (D): R-
PCH WR40, (E): FR-PCH30 WR10, (F): FR-PCH35 WR10, (G): 
FR-PCH45 WR10, (H): HR-PCH30 WR10. The experiment was 











Figure 29. The cellular uptake histograms on A549 in the presence 
of serum. (A): Cell, (B): PEI25k WR1, (C): PCH WR80, (D): R-
PCH WR40, (E): FR-PCH30 WR10, (F): FR-PCH35 WR10, (G): 
FR-PCH45 WR10, (H): HR-PCH30 WR10. The experiment was 











Figure 30. The cellular uptake histograms on HeLa in the absence 
of serum. (A): Cell, (B): PEI25k WR1, (C): PCH WR80, (D): R-
PCH WR40, (E): FR-PCH30 WR10, (F): FR-PCH35 WR10, (G): 
FR-PCH45 WR10, (H): HR-PCH30 WR10. The experiment was 











Figure 31. The cellular uptake histograms on HeLa in the presence 
of serum. (A): Cell, (B): PEI25k WR1, (C): PCH WR80, (D): R-
PCH WR40, (E): FR-PCH30 WR10, (F): FR-PCH35 WR10, (G): 
FR-PCH45 WR10, (H): HR-PCH30 WR10. The experiment was 











Figure 32. The cellular uptake histograms on C2C12 in the absence 
of serum. (A): Cell, (B): PEI25k WR1, (C): PCH WR80, (D): R-
PCH WR40, (E): FR-PCH30 WR10, (F): FR-PCH35 WR10, (G): 
FR-PCH45 WR10, (H): HR-PCH30 WR10. The experiment was 











Figure 33. The cellular uptake histograms on C2C12 in the presence 
of serum. (A): Cell, (B): PEI25k WR1, (C): PCH WR80, (D): R-
PCH WR40, (E): FR-PCH30 WR10, (F): FR-PCH35 WR10, (G): 
FR-PCH45 WR10, (H): HR-PCH30 WR10. The experiment was 
conducted at their optimal weight ratios (WRs). 
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lipoplexes could interact with non-specifically to receptors located 
on cell membrane surface, analogous to scavenger receptors, which 
can medicate their endocytosis [164]. It can be one of possible 
hypotheses for increased uptake of PEI25k in serum condition. 
Consistently, the results implicated improvement of serum 
tolerance. In other words, serum tolerance means in some ways the 
stability of polyplex in serum-containing solution, so the 
experiment measuring particle size were conducted. As shown in 
Figure 34, polyplex size change is plotted. 
In distilled water, the polyplexes maintained their own size almost 
same. Even in 10% FBS, the polyplexes except PEI25k and R-PCH 
also maintained their own size implicating the stability. The particle 
size of PEI25k and R-PCH fluctuated. The particle size of PEI25k 
decreased after 30 min, but it started to increase over 600 nm. In 
the case of R-PCH, particle size was increased at 30 min and 
maintained the size until 12 h, but the size was decreased at 24 h. 
To confirm serum stability of polyplexes directly, transfection 
assay with various concentration of serum was performed. As 
shown in Figure 35, it was found that the efficiency of all 
polyplexes was decreased along with the increment of serum 
concentration. Despite the diminution, FR-PCH30 showed the 




Figure 34. Polyplex stability test (A) in dH2O and (B) in 10% FBS. 
All polyplexes were prepared at a weight ratio of 10. PEI25k was 




Figure 35. Transfection result in various concentration of FBS. (A) 
and (D): A549, (B) and (E): HeLa, (C) and (F): C2C12. The 
numbers mean the concentration of FBS. (A-C) was derived from 










Table 5. The cellular uptake results of FR-PCH30 in the presence 
of inhibitors. Numbers mean percentage of YOYO-1 iodide-
containing cells in gated cells.  
Cell None CytoD Geni Noco Chlor 
A549 13.4 20.1 25.4 7.5 17.0 
HeLa 80.6 89.7 91.6 61.6 88.2 

















Figure 36. The cellular uptake histograms of FR-PCH30 on A549 in 
the presence of inhibitors. (A): Cell, (B): Non-treated, (C): 
Cytochalasin D-treated, (D): Genistein-treated, (E): Nocodazole- 











Figure 37. The cellular uptake histograms of FR-PCH30 on HeLa in 
the presence of inhibitors. (A): Cell, (B): Non-treated, (C): 
Cytochalasin D-treated, (D): Genistein-treated, (E): Nocodazole- 











Figure 38. The cellular uptake histograms of FR-PCH30 on C2C12 
in the presence of inhibitors. (A): Cell, (B): Non-treated, (C): 
Cytochalasin D-treated, (D): Genistein-treated, (E): Nocodazole- 




Especially, when it comes to the transfection on HeLa, the 
transfection level at 50% serum was maintained with very small 
decrease. Also, HR-PCH30 resisted the increased concentration of 
serum, but it did not show the resistance comparable to FR-PCH30. 
Summarizing these results, it can be thought that fluorination can 
confer polymer enhanced cellular uptake and serum tolerance. The 
enhanced cellular uptake and serum resistance from the results 
implied it. 
 
4.2.6. Cellular uptake mechanism analysis of FR-PCH30 
Cellular uptake is an important step during gene delivery, so many 
studies have been trying to find out cellular uptake pathway of their 
gene carrier. However, there are few articles dealt with cellular 
uptake pathway of fluorinated polymeric gene carrier [122]. 
Besides, the cellular uptake pathway of fluorinated polymer can be 
variable. In other words, not all fluorinated polymer would have 
same cellular uptake pathway. Therefore, cellular uptake pathway 
of FR-PCH was analyzed by using flow cytometry and luciferase 
assay. 
When it considered flow cytometry (Table 5 and Figure 36-38), 
it was thought that it would be hard to specify cellular uptake 
pathway by using it because there was no significant difference 
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between cellular uptake pathways. It just can be presumed that 
microtubule-mediated endocytosis would relate to the uptake of 
FR-PCH in the case of A549 and HeLa. It was not enough to find 
specific route of uptake.  
For further confirmation of uptake pathway, in turn, luciferase 
assay was used. Although total cellular uptake mechanism was not 
fully revealed, the expression of luciferase was final product of 
cellular uptake in the case of luciferase assay. By comparing the 
change in the transfection efficiency, analyzing of the pathway 
would be feasible. 
From the results displayed in Figure 39, getting a basis about the 
uptake pathway was possible, however, it was still not possible to 
figure out a specific pathway. When it comes to the result from 
A549, transfection efficiency of R-PCH was drastically diminished 
at all cellular uptake pathways. On the other hand, transfection 
efficiency of FR-PCH30 was largely increased when Geni or Chlor 
were treated, respectively; transfection efficiency affected by 
CytoD was also increased slightly. It can be thought that FR-PCH 
overcome the effect of three uptake inhibitors during the cellular 
uptake due to fluorination. In the meanwhile, the sample affected by 
Noco showed extremely low efficiency; it means that microtubule-








Figure 39. Transfection results in the presence of inhibitors. (A) 
and (D): A549, (B) and (E): HeLa, (C) and (F): C2C12. (A-C) was 
derived from (E-F) by converting the results into percentage. 
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FR-PCH when they were treated to A549. It was consistent with 
the result of flow cytometry (Table 5). 
In the case of HeLa, apparent contrast was displayed. R-PCH 
showed extremely low transfection efficiency at all samples; on the 
other hand, FR-PCH showed negligible diminution at Geni-treated 
and Chlor-treated sample. It meant that FR-PCH use caveolae- In 
the case of HeLa, apparent contrast was displayed. R-PCH showed 
extremely low transfection efficiency at all samples; on the other 
hand, FR-PCH showed negligible diminution at Geni-treated and 
Chlor-treated sample. It meant that FR-PCH use caveolae- 
mediated endocytosis and clathrin-mediated endocytosis at 
negligible level. In contrast, Noco severely decreased the efficiency 
and CytoD diminished the efficiency by almost 50% implying that 
macropinocytosis and microtubule-mediated endocytosis are their 
gate to intracellular region. It was expected that microtubule-
mediated endocytosis would be the main route from the result of 
flow cytometry; in that experiment, only Noco diminished the 
uptake. Interestingly, macropinocytosis was also specified as the 
route to cytosol. CytoD is known as an inhibitor of macropinocytosis 
because it inhibits polymerization of actin [165]; the polymerization 
and movement of actin is essential for macropinocytosis [166]. 
Combining these, it is thought that FR-PCH could overcome the 
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inhibition when considering the result from flow cytometry (Table 
5) although the reason is not clear. 
The result of C2C12 was complicated. In flow cytometry, FR-
PCH was not affected by inhibitors; however, Noco affected FR-
PCH more in comparison with R-PCH. Meanwhile, the effect of 
CytoD was weakened relatively; transfection efficiency was slightly 
increased in comparison with R-PCH. It implies that fluorination 
can make changes in the route of entry. In other words, it can be 
concluded that the entering tendency through microtubule-
mediated endocytosis was increased, but main entry was not 
changed; CytoD diminished the efficiency of both R-PCH and FR-
PCH30. That is, macropinocytosis was main gate of cell entry in the 
case of C2C12. 
From these results, it can be concluded that FR-PCH uses 
multiple pathway for the uptake. Based on it, it is interesting that 
Noco inhibited well in all cell lines. Noco inhibits assemble of tubulin 
into microtubule [167]. As microtubules are related to intracellular 
transport, they also participate partially in macropinocytosis [168], 
clathrin-mediated endocytosis [169], and caveolae-mediated 
endocytosis [170]. Based on these, it can be also considered that 
the reason of superior inhibition by Noco is derived from the 
multiple role of microtubule in endocytosis. In other words, 
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inhibition of microtubule formation would inhibit multiple 
endocytosis pathway resulting in severe inhibition of gene 
expression. In other perspective, it can be also thought that 
inhibition of intracellular transport was the most critical point of 
gene delivery using FR-PCH when combining the results from 
cellular uptake analysis.  
The cascade of cellular entry is so complicated and not fully 
revealed. Even though it was not successful analysis of cellular 
uptake pathway, it was clear that fluorination affected and change 
the tendency of cellular uptake. 
 
4.2.7. Intracellular observation by CLSM 
To observe the distribution of polyplexes, dyeing with 
fluorescence dyes and CLSM were conducted (Figure 40-42). In 
general, all three displayed similar tendency. FR-PCH30 showed 
most abundant green fluorescence meaning pDNA even though the 
result of HeLa was not so apparent as A549 and C2C12. In the 
meanwhile, it is noteworthy that the distribution of green 
fluorescence was mainly located near nucleus; it was observed in all 
cell lines. Recalling the function of arginine mentioned before, 
arginine could act as NLS for intracellular trafficking to nucleus. By 








Figure 40. Intracellular observation of A549 with CLSM. DAPI: 
nuclei (blue), YOYO-1: pDNA (green), LysoTracker: endosome 








Figure 41. Intracellular observation of HeLa with CLSM. DAPI: 
nuclei (blue), YOYO-1: pDNA (green), LysoTracker: endosome 








Figure 42. Intracellular observation of C2C12 with CLSM. DAPI: 
nuclei (blue), YOYO-1: pDNA (green), LysoTracker: endosome 
and lysosome (red). BF means bright field image (Scale bar: 20 ㎛). 
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fluorescence was a result of NLS function came from arginine. 
In addition, interestingly, there were few cells containing the 
signal of colocalization, there are two ways plausible. One is their 
fast escape from endosomes. The other is endosome-independent 
endocytosis due to fluorination. Both hypotheses are based on the 
characteristic of fluorination, membrane permeability. 
Summarizing these, fluorination enhances cellular uptake, and 
arginine confers cellular uptake enhancement and intracellular 
trafficking ability to nucleus. The combination of fluorination and 
arginine grafting can significantly enhance intracellular accumulation 
of YOYO-1 labeled pDNA and locates nearby nuclei. 
 
4.3. Summary 
Arginine-modified and fluorinated bioreducible polymer was 
synthesized for gene delivery systems. They could form positively 
charged and nano-sized polyplexes with pDNA. Interestingly, some 
of FR-PCH polyplexes retarded pDNA even in reducing condition, 
probably due to and hydrophobic interaction of fluoroalkyl chains. 
FR-PCHs showed comparable transfection efficiency to PEI25k in 
serum-free condition but superior efficiency to PEI25k even in 
serum-containing condition, which means FR-PCHs possessed 
good serum-compatibility. Good serum tolerance was confirmed by 
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further experiments such as transfection assay in various 
concentration of FBS. However, cytotoxicity of the polymers was 
significant and increased with concentration and modification degree. 
Nevertheless, it was confirmed that fluorination can confer not only 
serum-compatibility but also improved membrane permeability. 
Besides, fluorination resulted in changes of cellular uptake pathway. 
These characteristics of fluorination confer great transfection 
efficiency. It was also confirmed that the combination of arginine 
and fluorination could result in significant enhancement of gene 
delivery efficiency. Although this study is not enough to reveal the 
exact endocytosis pathway of fluorinated polymer comprehensively, 
this dissertation confirmed the possibility and potency of 
fluorination in gene delivery systems. It is expected to provide good 











Scheme 5. Schematic diagram of gene delivery sequence with FR-
PCH. Due to fluorination, FR-PCH showed serum resistance during 
the gene delivery. In addition, it was revealed that FR-PCH used 
multiple cellular uptake pathway. 
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Chapter 5. Conclusion 
 
In this dissertation, two themes of bioreducible polymer were 
investigated in terms of structure-activity relationship; crosslinked 
bioreducible polymers and fluoroalkylated arginine functionalized 
bioreducible polymers respectively. From the results, it was found 
that the behavior of bioreducible polymers were critically changed 
along with the structure and components of the polymers such as 
branching, side chains. 
Both polymers showed adequate basic performance for gene 
delivery such as polyplex formation, particle size, Zeta-potential, 
and transfection efficiency. All the polymers in this dissertation 
formed positively charged compact particles and showed 
comparable or superior transfection efficiency even in the presence 
of serum. However, PPI-CBAs and FR-PCHs showed relatively 
high cytotoxicity along with the polymer concentration, crosslinking 
and modification degree. Although the cytotoxicity trend was not 
new phenomenon, the resistance in reducing condition was 
unprecedented. From the empirical results of PPI-CBAs, it was 
though that thiol groups originated from cleaved disulfide bonds 
reacted each other forming disulfide bond again. This can be 
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speculated that the vicinity of free thiol groups due to crosslinked 
structure of PPI-CBAs made the re-crosslinking possible. 
In the case of FR-PCH, from the results of electrophoresis and 
DLS, it was thought that fluorination conferred aggregating ability 
making them resistant to reducing environment. Although overall 
the particle size was increased, FR-PCHs still displayed small 
particle size partially. It was thought that the driving force was 
fluorine effect of fluoroalkyl side chains. 
From the perspective of transfection efficiency, the study of PPI-
CBAs confirmed that the crosslinking of low molecular weight 
compounds can achieve high transfection efficiency. The study of 
FR-PCHs demonstrated that the combination of arginine 
modification, fluorination, and bioreducibility was effective for 
achieving high gene delivery efficiency. It was thought that arginine 
improved cellular uptake and fluoroalkyl chain enhanced cellular 
uptake and serum resistance. In addition, it was thought that 
bioreducibility conferred facilitated DNA release in reducing 
condition and relatively lower cytotoxicity. 
In the case of fluorination, it was also found that fluorination 
induced the change of cellular uptake pathway probably due to the 




Collectively, in this dissertation, it was found that not all 
bioreducible polymer behaved as reported in previous studies. The 
degree of branching, composition of side chains significantly 
changed the behavior of bioreducible polymers in extraordinary 
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생체환원성 고분자는 환원성 환경에서 선택적으로 분해될 수 있는 
특징을 갖고 있어서 유전자 전달체로 널리 이용되고 있다. 하지만 수십 
년 동안의 연구에도 불구하고 생체환원성 고분자의 세포 거동을 연구한 
논문은 많지 않다. 
본 연구에서는 크게 두 종류의 생체환원성 고분자를 다루고 있다. 
첫째는 PPI-CBA로 명명한 가교 구조를 지닌 것이며, 둘째로는 FR-
PCH로 명명한, 불화탄소와 아르기닌으로 개질한 생체환원성 고분자다. 
첫 번째 부분에서는 PPI-CBA의 특이한 분해 거동이 주된 내용이라 볼 
수 있다. PPI-CBA는 마이클 첨가 반응 (Michael addition reaction)을 
이용해 합성이 진행되었는데, 합성된 고분자는 양이온을 띠고 있는 
폴리플렉스 (polyplex) 나노 입자를 이룰 수 있었다. 전기영동에서 
흥미로운 결과를 얻을 수 있었는데, 환원성 환경임에도 불구하고 PPI-
CBA가 여전히 pDNA를 붙잡고 있었다. 한편, PPI-CBA는 세럼이 있는 
상태에서 진행된 실험에서 유전자 전달 효율이 PEI25k보다 뛰어난 
모습을 보여줬는데, 이는 PPI-CBA가 세럼과의 상성이 좋음을 
의미한다. 그러나 독성이 문제가 되었는데, 세포 내 글루타치온 
(glutathione) 과 활성 산소 농도를 측정한 결과를 통해 PPI-CBA의 
분해된 부분이 끊임없이 재결합을 하면서 글루타치온을 소모하기 때문에 
세포 독성이 발생하는 것으로 추측할 수 있었다. 다시 말해, PPI-
CBA는 선형 구조의 생체환원성 고분자와는 다르게 독특한 분해 거동 
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및 세포 내 거동을 보이는 것으로 볼 수 있었다. 
두번째 부분에서는 아르기닌과 불화탄소로 개질한 생체환원성 고분자
인 FR-PCH에 대해 다뤘다. 마찬가지로 양이온성을 띠는 폴리플렉스 
나노 입자를 형성할 수 있었는데 불화 탄소 치환이 많이 된 일부 FR-
PCH는 환원성 환경에서도 pDNA를 붙잡고 있는 것을 볼 수 있었다. 이
런 현상은 소수성 상호작용을 할 수 있는 불화탄소가 원인이지 않나 추
측할 수 있었다. FR-PCH는 세럼이 없는 조건에서도, 있는 조건에서도 
PEI25k를 능가하는 유전자 전달 효율을 보였는데, 이는 FR-PCH가 다
른 고분자보다 세럼에 영향을 덜 받는다는 걸 의미한다. 세럼에 대한 상
성은 다양한 농도의 세럼을 포함한 배지에서 유전자 전달 효율을 확인하
는 등의 일련의 실험으로 추가적으로 확인해 볼 수 있었다. 그러나 좋은 
유전자 전달 효율에도 불구하고 상대적으로 높은 세포독성을 지니는 것
을 알 수 있었다. LDH가 세포 밖으로 방출되는 양을 봤을 때, 세포 독
성은 불화탄소 사슬이 세포막과 강하게 상호작용하는 과정에서 유도되는 
것이 아닌가 추측할 수 있었다. 그럼에도 불구하고 다양한 추가 실험을 
통해, 불화탄소를 고분자에 도입하는 것이 세럼 안정성 향상이나 막 친
화성 같은 것을 획득할 수 있는 좋은 방법이란 것을 다시 한 번 확인할 
수 있었다. 또한, 본 연구에서는 불화탄소 사슬과 아르기닌을 갖고 있는 
유전자 전달체가 어떻게 세포 내로 들어가는지 알아보기 위한 실험들도 
진행되었는데, 합성한 고분자는 특정한 하나의 세포 진입 기작을 이용하
는 것 같지는 않았으며 노코다졸에 크게 영향을 받는 것을 확인할 수 있
었다. 
